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In the Attoyac Bayou Watershed Protection Plan, best management 
practices (BMPs) were developed for livestock, wildlife, and on-site sewage 
facilities (OSSFs), using bacteria source tracking (BST), spatially explicit load 
enrichment calculation tool (SELECT) model, as well as a cost benefit analysis. 
An evaluation of these BMPs was conducted on the Attoyac Bayou (AB), Big Iron 
Ore Creek (BIO), Naconiche Creek (NC), Terrapin Creek (TC), and Waffelow 
Creek (WC) to see if they were meeting their designated use criteria for elevated 
Escherichia coli (E. coli). Water quality parameters were monitored for five 
sample locations within the Attoyac Bayou Watershed during March 2017 
through February 2018. Statistical analyses were conducted on data from this 
period, and comparisons were made with past data to determine if water quality 
is improving.  
Water quality parameters were within standards for all parameters except 
E. coli, where all sample locations exceeded the state water quality standard for 
primary contact reaction (126 CFU/100 mL). Subwatersheds with the highest E. 
coli, nutrient, and sediment loading were BIO, NC, and WC. For all 
subwatersheds, E. coli mass loading was higher in the winter and spring, with 
nutrient and sediment mass loading higher in the spring and summer. For 
measured parameters in this study, mass loading was lower during the fall.
ii 
 
In order to evaluate BMP efficacy, data were compared to past geometric 
means to evaluate change over time and data from this study were also 
compared with target goals. Generally, water quality was improving overall within 
the BIO subwatershed. Post BMP implementation E. coli mean concentration 
(264 CFU/100 mL) was significantly lower than pre BMP implementation (430 
CFU/100 mL). However, WC had significantly higher E. coli mean concentration 
for post BMP implementation (360 CFU/100 mL) than pre implementation (106 
CFU/100 mL). Even though water quality has not significantly improved within 
subwatersheds AB, NC, and TC, the fact that continued degradation was not 
observed is some indication of BMP efficacy. For target goals comparison, NC is 
the closest to the target goal, with a difference of 23 CFU/100 mL, and WC is the 
furthest from the target goal, with a difference of 166 CFU/100 mL. Additional 
monitoring to account for possible lag time, educational awareness, and BMPs, 
such as new OSSFs installations and a feral hog bounty program, should be 
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LIST OF ACRONYMS 
AB – Attoyac Bayou 
ANRA – Angelina and Neches River Authority 
BIO – Big Iron Ore Creek 
BMP(s) – best management practice(s) 
BOD – biological oxygen demand 
BST – bacteria source tracking 
CFU – colony forming unit 
COC – chain of custody 
CWA – Clean Water Act 
DI – distilled water 
TDS – total dissolved solids 
DO – dissolved oxygen 
E. coli – Escherichia coli 
ERIC-PCR – enterobacterial repetitive intergenic consensus sequence 
polymerase chain reaction 
ERIC-RP – combination of ERIC-PCR and RiboPrinting 
FC – fecal coliform 
FIB – fecal Indicator bacteria 





NC – Naconiche Creek 
NELAP – National Environmental Laboratory Accreditation Program 
NH3-N – ammonia-N 
NHD – national hydrography dataset 
NO2-N – nitrite-N 
NO3-N – nitrate-N 
NPDES – National Pollution Discharge Elimination System 
NPS – non-point source pollution 
NRCS – Natural Resources Conservation Service 
OSSF – On-Site Sewage Facility Remediation project period 
OSSFs – on-site sewage facilities 
PCR – polymerase chain reaction 
PS – point source pollution 
QAPP – quality assurance project plan 
RiboPrinting – ribosomal deoxyribonucleic acid genetic fingerprinting 
SAS – Statistical Analysis Software 
SELECT – spatially explicit load enrichment calculation tool 
SFASU WET – Stephen F. Austin State University Waters for East Texas Center 
SFASU – Stephen F. Austin State University 
TC – Terrapin Creek 
TDS – total dissolved solids 





TOWTRC – Texas On-Site Wastewater Treatment Research Council 
TP – total phosphorus 
TSS – total suspended solids 
TSSWCB – Texas State Soil and Water Conservation Board 
TWRI – Texas Water Resources Institute 
UPEC – uropathogenic Escherichia coli 
USEPA – United States Environmental Protection Agency 
TCEQ – Texas Commission on Environmental Quality 
WC – Waffelow Creek 
WPPD – Attoyac Bayou Watershed Protection Plan Development project period 







Humans are dependent on water to survive. According to Chang (2013), a 
minimum of 1.5 liters of water per person per day are needed to sustain life, and 
death will occur when 15% of the body’s water is lost through dehydration. 
Because of this, clean, un-polluted water is of significant concern. In Texas, the 
population is expected to rise from 29.5 to 51 million between years 2020 and 
2070, and with this, the demand for water is expected to rise from 22.3 to 26.6 
billion cubic meter per year (18.4 to 21.6 million acre-feet per year) (TWDB, 
2016). In addition, existing water supplies that are available for drought periods 
are estimated to decrease from 18.7 to 16.8 billion cubic meter per year (15.2 to 
13.6 million acre-feet per year) (TWDB, 2016). However, there are approximately 
5,500 water management strategies in the 2017 State Water Plan for Texas 
which are expected to increase water supplies between years 2020 and 2070 
from 4.2 to 10.5 billion cubic meter per year (3.4 and 8.5 million acre-feet per 
year) (TWDB, 2016). Of the 5,500 water management plans, 45% are based on 
surface water resources, 30% demand management, 14% reuse, 10% 
groundwater, and 1% seawater (TWDB, 2016).  Further, a 3% decrease in Texas 
surface water availability is expected to occur from 2020 to 2070 due to 
sedimentation causing a reduction in reservoir storage capacity (TWDB, 2016).  





Agency (USEPA) (1996), the largest source of water quality impairments 
effecting waters of the United States’ waters is non-point source pollution (NPS). 
Additionally, according to the USEPA (2000), siltation, bacteria, and nutrients 
contribute the largest amount of pollution in rivers and streams of the United 
States, leading to water quality impairments. Agricultural activity was indicated by 
the National Water Quality Inventory as being the leading cause of water quality 
impairment and being responsible for degrading 60% of rivers (USEPA, 1996).  
Water quality data collected by the Angelina and Neches River Authority 
(ANRA) have often exceeded state water quality standards for recreation primary 
contact in regards to bacteria beginning as early as the late 1990s (Gregory et 
al., 2014). However, it was not until 2004 that the Attoyac Bayou was listed as an 
impaired water body on the Texas 303(d) List for elevated bacteria (Gregory et 
al., 2014). According to the Attoyac Bayou Water Protection Plan, elevated E. 
coli concentrations were often associated with high flow events suggesting that 
E. coli is probably due to sources within the watershed and most likely due to 
resuspension of E. coli attached to sediments (Gregory et al., 2014). Additionally, 
nutrients, specifically ammonia, were added to the list in 2008 (Gregory et al., 
2014). Due to these issues, the Attoyac Bayou Watershed Protection Plan was 
developed.  
 In the watershed protection plan, voluntary management plans were 
developed for livestock, feral hogs, and on-site sewage facilities (OSSFs) to limit 





contributing sources were selected due to feasibility and based on survey results 
of participants most likely implementing the voluntary management practices as 
well as being the highest contributing sources of bacteria loading (Gregory et al., 
2014). However, due to the high variation of ammonia levels within the 
watershed, management plans were not designed specifically for ammonia. 
Instead the management plans designed for E. coli were hoped to also reduce 
ammonia concentrations (Gregory et al., 2014).  Other potential sources of 
bacteria within the watershed were determined to be pets, poultry, wastewater 
treatment facilities (WWTFs), oil and natural gas drilling, wildlife, and illegal 
dumping (Gregory et al., 2014). Management plans started in 2016. This study 
conducted an analysis on current and past data to determine if best management 






The objectives of this study were: 
1. To characterize water quality parameters of the Attoyac Bayou and four of 
its main tributaries for bacteriological, chemical, and physical parameters, 
analyze for statistical differences among sample locations, and compare 
them to state and federal water quality standards.  
2. To determine the sample location(s) with highest Escherichia coli (E. coli), 
nutrient, and sediment loadings.  
3. To conduct seasonal analysis of collected water quality data, especially for 
the parameters of E. coli and nutrients. 
4. To determine if proposed best management practices resulted in 









Previous Studies of the Attoyac Bayou Watershed 
High levels of E. coli bacteria in the Attoyac Bayou were the cause for it 
being listed as an impaired water body on the Texas Water Quality Inventory and 
303(D) List. To determine the sources of bacteria and to develop appropriate 
management plans, several studies have been conducted in the watershed and 
surrounding areas. Studies in Sam Rayburn Reservoir helped develop 
understanding of the water quality of the Attoyac Bayou Watershed because the 
Attoyac River passes through the reservoir. Studies have demonstrated that the 
reservoir does have an effect on water quality of the Attoyac River downstream 
of the reservoir (Adler, 1972; Dawson, 1973; Lindsey, 1975).  
Adler (1972) studied eutrophication in the Upper Sam Rayburn Reservoir 
and concluded that the reservoir was becoming highly eutrophic. Additionally, it 
was reported that the Angelina branch of the reservoir had a higher effect on the 
eutrophication than the Attoyac branch due to industrial effluents. Further, Adler 
(1972) reported that high levels of inorganic nitrogen occurred in the Sam 
Rayburn Reservoir on the Attoyac branch which was coming from domestic 
sewage effluents. Finally, Adler (1972) concluded that the cause of the 
eutrophication was most likely from combined effluents and agricultural runoff 





A similar study by Dawson (1973) investigated whether the Angelina and 
Attoyac Rivers had an effect on water quality of Sam Rayburn Reservoir. The 
author determined that both rivers above the reservoir had an effect on water 
quality, and the impoundment actually improved water quality downstream. 
However, the Angelina River contributed most to the impaired water quality due 
to industrial and domestic sewage effluents, and the Attoyac River contributed to 
the impaired water quality primarily by forestry and agriculture runoff.  
In addition, Lindsey (1975) conducted a study to develop a fecal coliform 
(FC) to fecal streptococcus (FS) ratio, linking it to a source of pollution in the 
Attoyac River. Lindsey (1975) reported that the FC to FS ratio was a 60% 
occurrence which suggested that contamination was mainly due to animal 
sources and not human sources. Lindsey (1975) also agreed with Dawson 
(1973) in that the Sam Rayburn Reservoir improved water quality of the Attoyac 
River downstream. In addition, Lindsey (1975) agreed with Adler (1972) and 
Dawson (1973) that forestry and agriculture runoff are the primary source of 
water quality degradation, with industrial and domestic sewage effluents being 
secondary sources.   
Further, McBroom and Young (2011) conducted a study to determine the 
effects of poultry litter runoff on water quality of two tributaries, Waffelow and 
Terrapin Creeks, of the Attoyac Bayou. McBroom and Young (2011) concluded 
that the effect of poultry litter on water quality was not significant and with the use 





study, it was reported that phosphorus was increased in runoff but in small 
quantities overall. However, phosphorus was also reduced by the aid of 
vegetated filter strips. In addition, FC and E. coli concentrations were also 
monitored. McBroom and Young (2011) concluded that litter applications and 
activities from wildlife in forested areas did not significantly differ in FC or E. coli 
concentrations. McBroom and Young (2011) also concluded from this study that 
E. coli was a better indicator of bacteria pollution than FC. 
In addition, Pessarra (2013) performed a study in which E. coli and 
nutrients were analyzed within the Attoyac Bayou Watershed. Another objective 
was to determine if pollutant sources were mainly point source or nonpoint 
source in order to suggest remediation and management practices. It was 
reported that the only water quality parameter out of compliance with USEPA and 
Texas Commission on Environmental Quality (TCEQ) standards were E. coli for 
primary contact recreation, except at the headwaters of the watershed. Nutrients 
did not exceed the standards, but several samples contained nitrate-nitrogen and 
total phosphorus with concentrations exceeding suggested eutrophication limits. 
Pessarra (2013) concluded that bacterial source tracking (BST) would need to 
take place to determine the main source of pollution so that appropriate 
management practices could be implemented.  
This conclusion was addressed later in a study done by Martin and Gentry 
(2014), in which BST in the Attoyac Bayou Watershed was performed. BST uses 





2014). Because different strains of E. coli and other bacteria can be linked to 
different sources, BST can be useful in identifying specific animal sources. It was 
concluded that the major sources of bacteria in the watershed were from wildlife 
and domesticated animals.  
 
Water Quality Parameters 
Escherichia coli 
According to the USEPA (2000), siltation, bacteria, and nutrients 
contribute the largest amount of pollution in the United States to rivers and 
streams, and E. coli is the most common indicator for fecal indicator bacteria 
(FIB). E. coli are a type of facultative aerobic gram-negative bacilli that resides in 
the intestines of warm-blooded animals, and do not normally multiply once 
released from the intestines (Peterson and Rogers, 2011). A majority of E. coli 
are actually needed for animals to live a healthy life. However, due to some E. 
coli being pathogenic, illnesses can be caused which can be transmitted through 
several factors such as contaminated food or water and contact between animals 
and humans (CDC, 2015). Moreover, when E. coli does multiply outside of a host 
and evolves into a new strain which is capable of surviving as well as 
reproducing outside of a host, they are termed “naturalized E. coli” (Ishii et al., 
2006; Ishii and Sadowsky, 2008). Criteria for E. coli to be considered naturalized 
include containing a unique DNA unlike those already found, as well as a 





clustered together on the dendrogram at a similarity value of ≥92%,” and the 
same strain can be repeatedly isolated from the same site over time (Ishii et al., 
2006).  
E. coli are of great concern because of health implications. For instance, 
diarrhea can be life threatening and is actually the fourth cause of death globally 
(Rao et al., 2015). When considering that diarrhea can be caused by some 
strains of E. coli and that an estimated 1.8 billion people world-wide receive their 
drinking water from water sources containing fecal contamination and that 187 
million people use untreated surface water, it can be understood why it is of a 
concern. In addition, according to Peterson and Rogers (2011), 18% of deaths in 
children under the age of five are due to diarrhea, which equals to about two 
million deaths annually. It was reported that breast-feeding is an effective way to 
limit these deaths (Peterson and Rogers, 2011). Other infections that are caused 
by E. coli are most intra-abdominal infections, wound infections associated with 
abdominal surgery, urinary tract infections, septicemia, dysentery, and hemolytic 
uremic syndrome (Peterson and Rogers, 2011). 
E. coli O157:H7 is often a foodborne pathogen, and the first reported 
outbreak was in 1982 in Michigan and Oregon associated with fast food 
hamburgers (Peterson and Rogers, 2011). In addition, in the United States, there 
are approximately 73,000 cases and 61 deaths annually due to E. coli O157:H7 
(Perdek et al., 2003). Illnesses caused by E. coli O157:H7 which can be lethal 





E. coli O157:H7 is cattle, and human infection typically occurs through 
contaminated food. Cattle generally show no sign that they possess E. coli 
O157:H7, and because of this, their meat may become contaminated and can 
potentially contaminate other meat. Additionally, other sources of illnesses can 
come from contaminated drinking water and recreation activities such as 
swimming, transmission through animal excrement, and human to human 
transmission. Children are the most susceptible to this serotype of E. coli, and it 
is acid-tolerant. Because of its acid-tolerance, E. coli O157:H7 can survive 
through stomach acid and bind to the intestines (Peterson and Rogers, 2011). 
According to Peterson and Rogers (2011), E. coli O157:H7 can tolerate a pH of 
2.5 between two and seven hours at 37°C. However, the ability for it to survive in 
acidic environments is dependent on temperature, acid type, growth parameters, 
and growth phase of the population (Peterson and Rogers, 2011). Further, E. coli 
O157:H7 can also be found in other animals besides cattle as well as in the 
environment, food, and water sources. Prevention of E. coli O157:H7 
contamination can be accomplished by controlling E. coli O157:H7 at farms, 
slaughterhouses, and through education of the public on safe food practices 
(Peterson and Rogers, 2011). 
Moreover, urinary tract infections (UTIs) are a health concern that effects 
11% of women in the United States annually, with 60% of women acquiring one 
at least once in their lifetime (Peterson and Rogers, 2011). These infections 





pyelonephritis, which is life-threatening. The main cause of UTIs (>80%) is 
uropathogenic Escherichia coli (UPEC) (Peterson and Rogers, 2011). Treatment 
of UTIs is generally by the way of antibiotics, and prevention with cranberry 
consumption and probiotics (Peterson and Rogers, 2011). 
Moreover, survival rates of bacteria vary depending on environmental 
factors such as temperature, sediment concentration, and source of water. For 
instance, Gary and Adams (1984) conducted a study to determine bacteria 
concentrations in a stream located near a recreation and grazing area of 
Wyoming after and before sediments on the stream bed were disturbed. When 
the stream’s bed was raked, FCs average concentrations increased 1.7 times 
and 2.7 times for fecal streptococci. It was also noted that the main source for FC 
was from sheep and cattle excrement and not from recreation. In addition, 
Hudson (2008) reported that when exposed to air outside the host, FC bacteria 
die within 7-21 days. Additionally, fecal bacteria do not remain suspended in the 
water column long, but can remain alive in the stream bed for 12-24 months 
(Hudson, 2008).  
Furthermore, Wagner et al. (2008) conducted a study to determine 
bacteria survival rates from fecal deposition after runoff events. Wagner et al. 
(2008) reported that the time between excrement deposits and runoff events as 
well as soil type, time of the year, water potential of soil, UV light, temperature, 
pH, sediment concentration, and availability of nutrients and organic matter are 





site has well-drained soils and experiences dry conditions after manure 
deposition, bacteria have a less chance of making it to a water body. However, 
fecal bacteria can remain alive in moist soil and manure for extended durations, 
depending on the above factors and composition of manure and soil. It is also 
noted that fecal bacteria are generally reported at higher concentrations during 
the warmer months of the year, and even though E. coli generally do not multiply 
once released from the intestines, periods of high rainfall could result in high E. 
coli growth rates within soils due to environmental conditions favoring growth 
(Wagner et al., 2008). In addition, in a study done by Garfield (2007), it was 
reported that when the water potential of canine excrement was below -22.4 
Mpa, E. coli did not survive. Furthermore, Wagner et al. (2008) reported 
sedimentation and nutrients can extend the survival rate of fecal bacteria. A 
previous study reported 90% reduction in coliforms within three to five days 
within water. However, suspended sediments may extend bacteria life for months 
by protecting bacteria from factors such as UV light (Wagner et al., 2008).  
Additionally, according to Edberg et al. (2000), the survival interval for E. 
coli found in drinking water is between four and 12 weeks at a temperature 
between 15 and 18°C. However, this interval is also dependent on certain 
environmental conditions such as temperature, the nature of the water the 
bacteria are located in, as well as the amount of particles contained within the 
water.  





According to Duffitt et al. (2011), when E. coli are exposed to unfavorable growth 
conditions, such as those mentioned above, which causes them to become 
stressed, they may enter a state that makes them more resistant to being killed. 
This phase is called the stationary phase in which bacteria change their structure 
to try to survive the stress (Pletnev et al., 2015). This raises a concern, because 
this may allow E. coli to “develop a disinfectant-resistant phenotype during 
transport to water treatment plants” (Duffitt et al., 2011).  
E. coli is a concern for this study because data collected in the late 1990s 
by ANRA indicated that populations often exceeded the TCEQ’s standard for 
primary contact recreation in regards to bacteria. TCEQ’s assessment of this 
data resulted in the Bayou being listed on the 2004 Texas 303(d) List, and it is 
still listed today. Currently, the TCEQ (2010) standard for E. coli for primary 
contact recreation for freshwater is a geometric mean of 126 colony forming units 
(CFU)/100 mL (TCEQ, 2014).  
In a previous study, McBroom (1997) found that approximately 96% of 
samples, from Waffelow and Terrapin Creeks located within the Attoyac Bayou 
Watershed, listed for fecal bacteria exceeded the Texas Natural Resources 
Conservation Commission (TNRCC) (now known as TCEQ) standard for primary 
contact recreation. Further, Lindsey (1975) reported FC to FS ratios, 60% 
occurrence, to be from non-human sources. Lindsey (1975) also reported 
impoundment in the Sam Rayburn Reservoir lowered bacteria counts. Adler 






Nutrients are one of the leading pollutants causing impairments in the 
Nation’s waters (USEPA, 2000). Plant nutrients have the potential to enter water 
bodies through soil and water erosion, agricultural fertilizers, domestic sewage, 
livestock wastes, organic matter decomposition, and phosphate detergents. 
Although plant nutrients are needed for the growth of aquatic plants, these plants 
also can cause odors when they decay and contribute to the biological oxygen 
demand (BOD) in water (Chang, 2013). In addition, when nutrients are found at 
high levels, eutrophication may result. This can effect aquatic ecosystems by 
increasing growth of algae and other aquatic plants, which in return, can effect 
the use of water for fisheries, recreation, industry, agriculture, and drinking. 
When algae and aquatic plants die, they undergo decomposition and the 
decomposer organisms use a considerable amount of oxygen, causing impact to 
aerobic aquatic life. The major nutrients of concern for water pollution are 
nitrogen (N) and phosphorus (P) (Gardiner and Miller, 2008).  
 
Nitrogen 
N is an essential nutrient needed by plants and animals and is also one of 
the most common deficiencies in plants. N is needed for plant proteins, 
chlorophyll, nucleic acids, as well as other plant substances. Most N in soil is 
contained in organic matter. The N cycle has a large role in converting N that 





by plants. Large quantities of N2 are present in the atmosphere at approximately 
78%. N2 goes through a process called N-fixation in which it is converted into 
organic N. This process is carried out by microorganisms, bacteria, and natural 
process such as lightning. Next, organic N goes through a process called N 
mineralization in which organic N is converted into ammonium (NH4+). The next 
process in the N cycle is nitrification. NH4+ is oxidized by Nitrosomonas and 
Nitrosococcus bacteria to nitrite (NO2-) which is then oxidized to nitrate (NO3-) by 
Nitrobacter and Nitrosoira. NH4+ and NO3- are forms of N available for the uptake 
by plants, and NO2- is toxic to plants and animals. Nitrogen losses from the 
system can occur when NO3- is leached from the soil, nitrification inhibitors take 
place, or through gaseous losses of soil N. Gaseous losses occur when a 
biological process called denitrification takes place by bacteria changing NO3- to 
N2 or NOx compounds, or a chemical process called ammonia volatilization takes 
place in which gaseous ammonia is loss to the atmosphere. This then allows for 
the cycle to begin again (Gardiner and Miller, 2008). 
Sources of soluble N in soil water are humus, livestock manure and 
human sewage, soil microbes, fertilizers, and N-enriched rain (Gardiner and 
Miller, 2008). NO3- movement in groundwater are influenced by land use, amount 
dissolved in soil solution, rate used by plants, amount of water for runoff and 
leaching, soil permeability, proximity of aquifer to soil surface, and population 
density (Gardiner and Miller, 2008). 





and other mammals. When NO3- is found in water at high concentrations, it is 
toxic and can cause methemoglobinemia, also known as blue baby syndrome, in 
infants. Because of this, the USEPA has set the standard for NO3N in drinking 
water to 10 mg/L (TCEQ, 2015). Infants are most susceptible to NO3- because of 
bacteria found in their digestion tract. The bacteria have the ability to reduce 
NO3- to NO2- which causes this condition by effecting the bloods ability to carry 
oxygen. This can also happen to livestock and even can cause abortions in cattle 
(Carpenter et al., 1998). In addition, according to Gardiner and Miller (2008), 
chronic intakes of NO2- (0.5 ppm) and NO3- (100 to 150 ppm) have the capability 
of degrading vascular tissues of the brain, lungs, heat, liver, and kidneys. 
In an earlier study done in the Attoyac Bayou Watershed, McBroom 
(1997) reported that no samples of NO3N exceeded the drinking water standard. 
Further, McBroom (1997) reported that 54% of samples exceeded the suggested 
eutrophication limit of 0.30 mg/L. Of these samples, 63% were from storm-runoff 
events, and 48% were baseflow samples. When data were compared between 




P is the second most limiting nutrient and provides energy compounds in 
plants (ATP), root development, flowering, and fruiting. The reason for this 





not in a readily available form for uptake by most plants. According to Gardiner 
and Miller (2008), the amount of total P (TP) that is located within average soil for 
uptake by plants is approximately 0.05% by weight (400 kg/ha to 2,000 kg/ha). 
P pollution is a major cause of eutrophication and “is usually the limiting 
nutrient for algae and other plants growing in water” due to its low solubility 
(Gardiner and Miller, 2008). P often ends up in water bodies through sewage 
containing phosphate detergents, dumping, and fertilizer runoff (Gardiner and 
Miller, 2008). No drinking water standard has been established for P. This is 
because it is not considered to be directly toxic to humans and animals. Plants 
that humans and animals eat provide growth for bones and teeth which is 
provided mainly by calcium phosphates (Gardiner and Miller, 2008). 
In an earlier study, McBroom (1997) reported that 75% of samples for TP 
in Waffelow and Terrapin Creeks of the Attoyac Bayou Watershed exceeded the 
suggested eutrophication level of 0.02 mg/L. It was also noted that 96% of 
samples collected during storm runoff events exceeded the suggested 
eutrophication limit whereas only 60% of samples collected during baseflow 
exceeded the limit.  
 
Chloride 
 Chloride naturally occurs in water through precipitation and rock-water 
interaction (Kelly et al., 2012) although excessive amounts of chloride can 





while streams on average contain 0 to 100 mg/L of chloride (Thomas et al., 
2007). Chloride also has the potential to enter streams by anthropogenic sources 
such as effluents, agricultural runoff, irrigation water, as well as water that is 
produced from oil and gas wells (Kelly et al., 2012). 
 In a study done by Dawson (1973), chloride concentrations in the Attoyac 
River upstream of the Sam Rayburn Reservoir were between 23.8 and 50 mg/L. 
The highest value was reported in August and September, and the lowest value 
was reported in December. Additionally, it was reported that chloride 
concentrations decreased once being impounded in the reservoir. The TCEQ 
standard for chloride in the Attoyac Bayou Watershed is a maximum 75 mg/L 
annual average (TCEQ, 2014). 
 
Sulfate 
 In streams, sulfate occurs naturally through several processes including 
atmospheric deposition, weathering, and decomposition of leaves (Bauer and 
Velde, 2014). According to the USEPA (2003), sulfate concentrations within 
streams are generally between 3 to 30 mg/L. However, the underlying geology of 
a landscape can result in stream sulfate concentrations greater than 1,000 mg/L 
(USEPA, 2003). Anthropogenic sources of sulfate include effluents and fertilizer 
runoff.  
Dawson (1973) reported that sulfate concentrations improved once being 





concentrations were higher in the deep waters of the reservoir when compared to 
concentrations at the surface (values not reported). Dawson (1973) concluded 
that this observation was due to the bed of the reservoir releasing sulfur in the 
form of sulfates. The TCEQ standard for sulfate in the Attoyac Bayou Watershed 
is maximum 50 mg/L annual average (TCEQ, 2014). 
 
Specific Conductivity 
Specific conductivity is the ability of water to conduct electricity which is 
reliant on dissolved ions and water temperature. When there is a high 
concentration of dissolved ions present, the ability to conduct electricity is also 
high. In addition, when water temperature is high, the conductivity of water is 
higher. The characteristics of soils can also effect conductivity such as texture, 
salinity, and cation exchange capacity (Chang, 2013). Conductivity can also be 
effected by discharges into streams due to the composition. For example, 
because a failing sewage system would have a discharge consisting of ions such 
as chloride, phosphate, and nitrate, the conductivity would increase. However, an 
oil spill would decrease the conductivity because the oil will not break down into 
ions (USEPA, 2012).  
In a previous study, McBroom (1997) reported that the maximum value of 
conductivity (686 µmhos) occurred during a storm-runoff event and the minimum 
value (17µmhos) was collected during baseflow conditions. It was also reported 





values being equal to or less than 100 µmhos (McBroom, 1997). McBroom 
(1997) also noted that it is common for higher brine water values of conductivity 
in East Texas “due to naturally occurring salt deposits and pollution from the 
petroleum industry.” Further, Dawson (1973) reported that conductivity within the 
Attoyac River decreased once it was impounded by Sam Rayburn Reservoir.  
There currently is not a standard for conductivity in water bodies, but a 
range representing unpolluted and polluted waters has been established. 
According to the USEPA (2012), the conductivity of distilled (DI) water ranges 
from 0.5 to 3 µmhos/cm. Conductivity between 50 and 1,500 µmhos/cm 
represents the general range of conductivity of the rivers in the United States. 
However, a conductivity range of 150 to 500 µmhos/cm represents inland fresh 
water streams supporting good mixed fisheries (USEPA, 2012). Finally, industrial 
waters can have conductivity reaching 10,000 µmhos/cm (USEPA, 2012).  
 
Total Dissolved Solids 
 Total dissolved solids (TDS) are referred to as the amount of dissolved 
matter within water that can pass through a filter. Major constituents of TDS often 
are chloride, calcium, sodium, magnesium, potassium, sulfate, silica, and 
bicarbonate (Anning et al., 2006). Dissolved solids may enter streams through 
fertilizer runoff, effluent, soil erosion, underlying geology, evapotranspiration, as 
well as decaying plant and animal matter. Dissolved solids are needed for plant 





tolerance (Anning et al., 2006). Additionally, TDS is similar to TSS in regards that 
excessive concentrations can decrease light penetration which limits 
photosynthetic activity as well as increase water temperature. The TCEQ 
standard for TDS in the Attoyac Bayou Watershed is a maximum annual average 
of 200 mg/L (TCEQ, 2014).  
 
Total Suspended Solids 
Total suspended solids (TSS) are referred to as the amount of sediment, 
inorganic or organic particles, and anything else located within a water column 
that are retained by a 0.45 µm pore diameter filter. Increasing TSS in a stream 
can be caused by erosion or intense rainfall. High concentrations of TSS can 
have multiple effects on the physical characteristics of a stream, including 
turbidity, odor, taste, temperature regime, abrasiveness, reduce light penetration, 
increase solar absorption at the water surface, deplete reservoir capacity, and 
clog stream channels (Chang, 2013). In addition, TSS can effect water quality 
and chemistry due to solids ability to contain elements and compounds. Aquatic 
life may also be effected by high concentrations of TSS because reduction in 
light penetration can inhibit photosynthesis, effecting DO for aerobic organisms.  
Currently, according to the USEPA (2000), siltation and bacteria as well as 
nutrients contribute the largest amount of pollution in the United States’ rivers 
and streams. E. coli has the potential to attach onto particles which can provide 





UV light. In a study done by Walters et al. (2013), particle size distribution of 
wastewater was analyzed to determine bacteria loadings for particle size factions 
of E. coli and enterococci. It was reported that when particles were 12 µm or less, 
loadings were 91% for E. coli and 83% for enterococci, and when particles were 
larger than 63 µm, loadings from E. coli and enterococci were less than 1% 
(Walters et al., 2013). The next objective of the study was to determine effect of 
particle size and TSS concentration on UV inactivation. It was reported that 
bacteria associated with particles 12 µm or smaller were inactivated 1.7 and 2 
times faster than particles sizes of 12 to 63 µm. Finally, Walters et al. (2013) 
concluded that there was an inverse relationship between TSS concentrations 
and UV inactivation rates; the higher the concentration of TSS, the lower the UV 
inactivation rates. 
In a past study of the Attoyac Bayou Watershed, McBroom (1997) 
reported that TSS mean concentration measurements were greater for pasture 
sites during baseflow conditions. However, TSS mean concentration 
measurements did not represent significant variations for pasture versus forested 
sites during runoff events. Finally, TCEQ has not developed a standard for TSS, 
however, TSS should not reduce the depth of the light compensation point more 
than 10% (McBroom, 1997).  
 
Secchi Depth 





how mucky or clear a waterbody is by how much light can penetrate (USEPA, 
2006). Many factors can contribute to the turbidity of water bodies, including 
TSS, organic matter, biota, and erosion (USEPA, 2006). High turbidity can effect 
water bodies in many ways such as lowering photosynthetic processes by 
reducing the light compensation point and effecting dissolved oxygen. The light 
compensation point is referred to as the where photosynthesis and dissolved 
oxygen can be effected through less photosynthetic process taking place as well 
as the heating of suspended particles. Suspended particles are good conductors 
of heat and can result in less dissolved oxygen in a water body due to the ability 
of water to hold less oxygen when warm than cold (USEPA, 2006). Additionally, 
because turbidity can also be increased through increased detritus, dead organic 
matter, and this material is decomposed by bacteria, oxygen can be reduced 
(USEPA, 2006). Finally, there is no current standard for federal or state standard 
developed for turbidity, but again, it should not reduce the depth of the light 
compensation point more than 10% (McBroom, 1997). 
 
Dissolved Oxygen 
Dissolved oxygen (DO) is the amount of oxygen that is dissolved in water. 
When DO is supplied at insufficient concentrations, aerobic aquatic life may not 
be able to survive. DO is supplied to streams and water bodies through diffusion 
from the atmosphere and photosynthesis. DO concentration is also inversely 





the water can hold. Further, turbulent streams also contain more DO than laminar 
streams due to higher surface area contact with the atmosphere. DO is taken out 
of water bodies through respiration and the BOD of substances (Chang, 2013).    
In a previous study, McBroom (1997) reported that DO values that fell 
below the standard were measured in the summer months, and samples 
resulting in the highest DO values were measured in the winter months. Dawson 
(1973) also reported DO values were higher when air temperature values were 
lower. The TCEQ standard for DO in the Attoyac Bayou Watershed is a minimum 
average of 5.0 mg/L over a 24-hour timespan (TCEQ, 2014).  
 
pH 
The acidity and alkalinity of water is measured by pH which is known as 
the negative logarithm of the concentration of hydrogen ions. pH ranges from 0 – 
14, with 0 being most acidic, 7 neutral, and 14 most basic. This is an important 
measurement in water quality because pH effects the solubility of some heavy 
metals and nutrients in water. Another important factor is that some species have 
a small range of pH which they can tolerate.  
 The variation of pH in a stream can occur from several factors. 
Photosynthesis can have an effect on pH due to the removal of carbon dioxide 
which can raise the pH. Because photosynthesis takes places in sunlight, pH is 
often highest during late afternoon and lowest before sunrise. In addition, 





which can alter the pH of a stream. Vegetation can also play a role. For instance, 
decomposing needles from pine or fir trees can increase the acidity of soils, 
potentially effecting nearby water bodies. Percolation of water through soil 
containing minerals that can buffer water can also effect the pH. Finally, 
anthropogenic inputs can also effect stream pH. Pollution emitted by vehicles, 
coal burning, as well as other sources that emit sulfur dioxide and nitrogen 
oxides into the atmosphere have the potential to produce acid deposition. In 
addition, industrial pollution entering streams and runoff from mining can effect 
the pH (Mesner and Geiger, 2010).  
McBroom (1997) reported that Waffelow and Terrapin Creeks, located in 
the Attoyac Bayou Watershed, pH values were lower after runoff events and 
higher at pastured sites. In addition, Dawson (1973) reported that water from the 
Attoyac River consisted of a lower pH value once impounded by the Sam 
Rayburn Reservoir, but after the impoundment, values returned to more alkaline 
which are similar to that of upstream. Finally, the TCEQ standard for pH in the 
Attoyac Bayou Watershed is a range between 6.0 and 8.5 (TCEQ, 2014).  
 
Water Temperature 
Water temperature is a factor that influences the diversity of species within 
streams as well as having an effect on other water quality parameters. Factors 
that can influence water temperature are geographic area, seasons, sources of 





temperature is an important measurement because water temperature is related 
to the amount of DO that is located within a water body, and aquatic organisms 
have specific temperature range limitations. In streams, water temperature will 
vary upstream and downstream due to factors such as shade and effluents. 
Fluctuations in water temperature are daily and seasonal but are less than air 
temperature. Because cold water is more dens0e than hot water, water can 
become stratified. However, turbulence can keep streams well mixed and 
prevent this stratification (Gordon et al., 1993).   
Water temperature also influences water quality parameters such as 
conductivity, decomposition rate, evaporation, gas solubility, and biological 
activity. According to Chang (2013), the metabolic rate of cold-blooded 
organisms as well as the rate of chemical reactions doubles with a temperature 
rise of 10°C. In addition, according to Binkley and Brown (1993), when 
temperature changes are more than 2°C, alterations to the development and 
reproduction of fish populations can occur. Binkley and Brown (1993) also 
reported that removal of trees along streams generally increases the water 
temperature by 3 to 7°C, but keeping the trees in place as a buffer strip often 
maintains water temperature, allowing for the temperature increase to be less 
than 2°C. 
In a previous study of the Attoyac Bayou Watershed, McBroom (1997) 
reported that no sample exceeded the standard for water temperature (32.22°C 





morning hours, so samples did not reflect the actual maximum water 
temperature. McBroom (1997) also reported that air temperature measurements 
were lower than water temperature measurements year round. Similar results 
were also reported in Dawson (1973) and Pessarra (2013) but it was not noted 
what time measurements were recorded. Finally, the TCEQ standard for surface 
water temperature in the Attoyac Bayou Watershed is a maximum value of 
32.22°C (TCEQ, 2014).  
 
Stream Discharge 
The discharge, also known as flow, of a stream is the volume of water that 
travels a given distance in a unit of time. Many factors effect stream discharge of 
a watershed including climate, topography, and land-use (Chang, 2013). Climate 
is a major factor due to inputs by precipitation and factors effecting 
evapotranspiration such as lower humidity, higher air temperature, solar 
radiation, and wind speed (Chang, 2013). Topographic characteristics, such as 
slope, elevation, and size, also effects stream discharge. For instance, 
watersheds with high elevations may produce more runoff due to the steeper 
slopes along with higher precipitation due to lower air temperatures and less 
evapotranspiration. In addition, steep slopes combined with impermeable soils 
can increase the runoff and cause it to move faster (Chang, 2013). Finally, land 
use can also effect stream discharge. For example, vegetation cover reduces 





(2013), a study to determine the effects of tree removal on streamflow was 
conducted, and it was reported that after patch cutting, streamflow increased 
from 36 to 55%. Chang (2013) also concluded that the differences in streamflow 
between forested and non-forested areas could be “as much as 200 mm/year.” 
In a previous study of the Attoyac Bayou Watershed conducted by 
Pessarra (2013), it was reported that the subwatersheds with the highest stream 
discharge per unit area were Big Iron Ore Creek, Naconiche Creek, and Terrapin 
Creek, which also contained the highest bacteria and nutrient loading. 
Additionally, it was reported that these subwatersheds also contained the highest 
slope (greater than 8°) and shared similar geology (Carrizo Sand formation), all 
which are factors that effect stream discharge.  
 
Potential Sources of Pollution 
Point source (PS) pollution is referred to as pollution coming from a source 
location that can be identified whereas NPS comes from many diffuse sources. 
According to the USEPA (1996), the largest problem for water quality in the 
United States is NPS pollution.  Additionally, agriculture is indicated by the 
National Water Quality Inventory as the leading source of impairments and is 
responsible for degrading 60% of impaired rivers (USEPA, 1996). The next two 
leading sources of water quality impairments for rivers are municipal point 
sources and stream/habitat changes (USEPA, 1996). According to Gregory et al. 





bacteria in the Attoyac Bayou Watershed are residential OSSFs, pets, livestock, 
poultry, WWTFs, oil and natural gas drilling, wildlife and feral animals, and illegal 
dumping. A focus is on OSSFs, cattle, and feral hogs. This is because these 
sources were determined to provide the most benefit for the cost as well as 
potentially contribute the most E. coli load within the watershed through 
stakeholder surveys, BST, and the spatially explicit load enrichment calculation 
tool (SELECT) model (Gregory et al., 2014).   
BST is a method of determining the relative frequency of given pollutant 
sources in a water body. However, the method does not quantify E. coli loading 
in the water body. The results of whether bacteria are from a certain source is 
indicated by “presence” or “absence” (Martin and Gentry, 2014). Two methods 
for BST were done at 10 sample locations within the Attoyac Bayou Watershed 
during 2010 through 2012, including the sample locations in the current study. 
The first method is a combined test which uses automated ribosomal 
deoxyribonucleic acid genetic fingerprinting (RiboPrinting) in conjunction with 
enterobacterial repetitive intergenic consensus sequence polymerase chain 
reaction (ERIC-PCR). When both of these methods are used together, the 
method is called ERIC-RP. This method grows E. coli from a water sample and 
then compares the DNA to a reference library of existing E. coli DNA, 
representing specific sources. Results from this method can be reported two 
ways, using a 3-way split or a 7-way split. A 3-way spilt classifies sources as 





whereas a 7-way split classifies sources as cattle, avian livestock, other non-
avian livestock, avian wildlife, non-avian wildlife, domestic sewage, or pets 
(Martin and Gentry, 2014). The second BST method used is Bacteroidales 
polymerase chain reaction (PCR). This method differs from the first method by 
extracting microbial DNA and looking for DNA biomarkers that represent broad 
groups of species (Gregory et al., 2014). The DNA biomarkers used for this 
method was genetic markers of Bacteroidales PCR and Prevotella spp. fecal 
bacteria that are specific to humans, ruminants, hogs, horses, and the general 
marker, which looks at the markers as a whole and not a specific source (Martin 
and Gentry, 2014). The total number of samples using the ERIC-RP method 
were 108 and 267 for the Bacteroidales PCR BST method. Results from the 
ERIC-RP 3-way split indicated bacteria sources from wildlife in 61% of samples, 
livestock and domesticated animals in 21% of samples, humans in 6% of 
samples, and unidentified in 12% of samples. The ERIC-RP 7-way BST results 
indicated bacteria sources from non-avian wildlife in 46% of samples, avian 
wildlife in 15% of samples, unidentified in 12% of samples, cattle in 10% of 
samples, humans in 6% of samples, pets in 5% of samples, and avian livestock 
as well as non-avian livestock in 3% of samples (Martin and Gentry, 2014). 
Finally, the Bacteroidales PCR BST results detected the general marker in 96% 
of samples, ruminant marker in 47% of samples, human marker in 5% of 
samples, and horse marker in 0% of samples (Martin and Gentry, 2014). 





could be present in a waterbody from a certain source. This model was used to 
predict daily E. coli loads within subwatersheds of the Attoyac Bayou Watershed 
for each source by estimating the contributing number and multiplying by the 
estimated E. coli production rate for each source (Borel et al., 2012). Animal 
populations were estimated by considering the landuse/landcover as well as 
stakeholder surveys. E. coli production rates were estimated from literature 
research and inputs from stakeholders (Borel et al., 2012). OSSFs was predicted 
by the model to be the highest contributing source of E. coli within the watershed 
(Borel et al., 2012). This is because raw sewage has a higher E. coli 
concentration and direct fecal pollution potential than any of the other identified 
sources (Borel et al., 2012). The sources of pollution modeled listed in order of 
highest to lowest potential E. coli load are OSSFs, hunting camps, deer, cattle, 
feral hogs, dogs, poultry litter, horses, and WTTFs (Borel et al., 2012). 
With using information of what sources of bacteria are present in the 
streams, potential load from each source, as well as a cost benefit analysis, “the 
potential to influence stream water quality was considered greatest from OSSFs, 
cattle, feral hogs, and hunting camps” (Gregory et al., 2014). Other sources that 
were determined to contribute to the overall bacteria load did not have BMPs 
developed due to the cost benefit analysis conducted by stakeholders (Gregory 







Residential On-Site Sewage Facilities 
Residential OSSFs are a potential source of pollution for bacteria in the 
watershed due to the fact that the watershed is predominantly rural, and 6,085 
residents within the watershed are assumed to use an OSSF (Gregory et al., 
2014). Of these OSSFs, conventional septic tanks as well as subsurface soil 
absorption is commonly used to treat wastewater (Gregory et al., 2014). 
However, aerobic treatment systems are becoming more common due to the 
area’s soil characteristics.  Gregory et al. (2014) also noted that of the total 
OSSFs in the watershed, approximately 50% are either malfunctioned or missing 
altogether. Further, Gregory et al. (2014) estimated that there are 452 OSSFs 
within 45.72 meters (50 yards) of an intermittent stream and 127 OSSFs within 
137.16 meters (150 yards) of perennial streams. This is important information to 
consider because the closer proximity OSSFs are to water bodies, especially 
perennial streams, the higher chance of contribution to water quality degradation 
will be. In addition, during heavy precipitation events, overflow of OSSFs are 
likely to occur (Walters et al., 2013). If this happens, the proximity of the OSSF to 
a stream is a huge factor in the quantity of contamination.  
According to RS&Y (2001), approximately 1.5 million households in Texas 
use OSSFs and this number increases annually. RS&Y (2001) also reported that 
according to the USEPA, 169,000 viral and 34,000 bacteria illnesses transpire 
annually due to contaminated groundwater used for drinking. Of this 





(RS&Y, 2001). In addition, RS&Y (2001) determined that in Texas 13% of OSSFs 
were chronically malfunctioning. Reasons for the malfunction include older or 
grandfathered systems, lack of maintenance and education of owners, absence 
of effective enforcement programs, and lack of records containing information 
about existing OSFFs. To assess with the issues of malfunctioning OSSFs, the 
Texas On-Site Wastewater Treatment Research Council (TOWTRC) was created 
in 1987 (RS&Y, 2001). However, according to the TCEQ, TOWTRC was 
abolished on September 1, 2011 by House Bill 2694. 
McBroom (1997) conducted a study within the Attoyac Bayou Watershed, 
and one parameter that was tested was FC concentrations. It was reported that 
one location (Site 1B) in the study had a FC to FS of 3.11 similar to that found in 
domestic waste with human feces. However, another site (Site 1A) had a ratio of 
0.93 representing non-human sources.  
 
Livestock 
Urine and feces of livestock (cattle and some horses) entering 
waterbodies in the Attoyac Bayou Watershed are a concern for bacteria and 
nutrient loading. Because livestock need access to water, water bodies are at 
risk for degradation. According to Gregory et al. (2014), throughout the 
watershed there are approximately 23,646 cattle and 587 horses mainly located 
on managed pastures with some on rangelands.  





determination in the amount of bacteria found. Fencing has been reported in 
studies done by Larsen et al. (1994) and Meals (2001) to reduce bacteria loads 
in streams up to 95% and 46% for E. coli. It was also reported by Wagner et al. 
(2013) that when an alternative water source was provided to cattle, they spent 
43% less time in the streams, resulting in potential reduction in bacteria loads.  
By keeping livestock out of riparian zones, water quality and bank 
stabilization has the potential to improve. Trimble and Mendel (1995) reported 
that cattle often trample stream banks which remove protective vegetation, as 
well as loosening the soil, resulting in an increase in soil erosion. Increased 
erosion is a concern due to the ability of soil particles to carry E. coli and 
nutrients. Further, Trimble and Mendel (1995) also noted that it was found, in this 
study and others, cattle often prefer riparian areas over uplands probably due to 
higher forage, closer proximity to water source and best grazing sites, and 
microclimatic features. Trimble and Mendel (1995) also reported that, in a 
previous study, it was found in a grazing area consisting of 2% riparian area, 
81% of the vegetation located in the riparian area was removed by cattle. Finally, 
Pessarra (2013) reported that using fencing as a way to keep livestock from 
riparian areas has potential to reduce 50 to 75% of sediments from entering 
adjacent streams.  
 
Wildlife and Feral Animals 





watershed. Because data on wildlife populations are not available for the 
watershed, the Attoyac Bayou Watershed Protection Plan decided to focus on 
deer, feral hogs, and waterfowl, as well as other birds, as the most significant 
potential sources (Gregory et al., 2014). It was estimated that there are 
approximately 7,547 deer and 10,155 hogs in the watershed. Estimating the 
number of waterfowl and other birds was more difficult but it was reported that 
high population densities are likely to occur in or near open water bodies, in 
rookeries, and/or under bridges (Gregory et al., 2014, p. 40). There is a record of 
119 bridges within the watershed located mainly over minor channels (Gregory et 
al., 2014).  
Lindsey (1975), Adler (1972), and Dawson (1973) concluded that the main 
source of fecal contamination in the Attoyac Bayou Watershed is from animal 
sources. Further, Parker (2010) found the following wildlife animals to be 
contributors of E. coli in a Texas floodplain in order of largest to smallest 
contributor: raccoons, feral hogs, and white-tailed deer. Furthermore, Loree et al. 
(2005) also reported positive results of E. coli O157:H7 in deer, cattle, sheep, 
and water troughs as well as Salmonella spp. in deer, sheep, goats, cattle, and 
water troughs in the warmer months of the year. It was reported that bacteria 
could be transferred to and from wildlife through water sources. Further, McGee 
et al. (2002) reported that E. coli O157:H7 can survive in manure and feed for 70-
100 days when located in temperatures of 10°C and 25 days in water troughs 





water troughs often contain E. coli O157:H7, as well as manure and feed, 
potential vectors for transmission are cattle, birds, flies, and rodents. Similar 
results were reported in Nielsen et al. (2004) in which wild birds and rodents 
living in close proximity to farm animals (cattle and pigs) both tested positive for 
verocytotoxin-producing E. coli. Kaller et al. (2007) also reported that feral hogs 
in Louisiana were contributing to the degradation of water quality, and feral hogs 
were also causing a decline in freshwater mussel diversity and populations. 
Declines of freshwater mussel diversity and populations by hogs appear to be 




Litter is produced from poultry facilities and is often applied to land as 
fertilizer as a method of disposal. The litter produced is a mixture consisting of 
manure and bedding material, typically sawdust, wood shavings, wheat straw, 
peanut hulls, or rice nulls (McBroom, 1997). It is mainly composed of water and 
carbon as well as nitrogen, phosphorus, potassium and small amounts of 
chlorine, calcium, magnesium, sodium, iron, copper, zinc, and arsenic 
(McBroom, 1997).  
According to Gregory et al. (2014), the Texas State Soil and Water 
Conservation Board (TSSWCB) reported that there were 111 poultry facilities in 





approximately 76,164 tons of litter. Of this litter produced, 63,340 tons was 
estimated to be applied to land as fertilizer (Gregory et al., 2014). Litter 
application has the potential to effect water quality due to nutrient and bacteria 
loading. Further, high nutrient concentrations have the potential to accelerate 
eutrophication. Because of this, Water Quality Management Plans (WQMPs) 
have guidelines on how to properly apply and store poultry litter.   
Conclusions made by McBroom (1997) in a study done on the effect of 
poultry litter on the water quality of the Attoyac Bayou Watershed were that 
nitrate-nitrogen values were reported at levels high enough to possibly contribute 
to eutrophication, but phosphate phosphorous concentrations values were lower 
than suggested eutrophication levels. McBroom (1997) also concluded that 
natural vegetated buffer strips adjacent to streams could reduce the amount of 
nutrients and suspended sediment in streams as well as applying only enough 
litter to satisfy the nutrient needs of crops, avoiding applications near streams, 
and by not applying litter before heavy rain events.  
 
Wastewater Treatment Facilities 
WWTFs are facilities that collect and treat domestic and industrial sewage 
and wastewater before discharging it into water bodies, land, or reusing it. 
Discharge limits and standards are regulated under National Pollution Discharge 
Elimination System (NPDES) by the USEPA. There are three phases of the 





(2004), it is required by the Clean Water Act (CWA) that discharges from 
municipal wastewater plants have at least been treated by secondary treatment. 
The secondary treatment is a process that has the potential to remove up to 90% 
of organic matter with the use of biological treatment processes.  
In the Attoyac Bayou Watershed, there are three WWTFs which use two 
different treatment processes to reduce pathogens and bacteria concentrations. 
According to Gregory et al. (2014), an aeration and settling basin with 
chlorination is used by the Garrison WWTF, and a lagoon-type system with a 
residence time of 21 days is used by both the Chireno and Martinsville 
Independent School District WWTFs.  All three WWTFs effluent E. coli 
concentrations generally fall below TCEQ standards for surface water. However, 
there have been incidences where E. coli concentrations have exceeded the 
standard.  
Lindsey (1975) conducted a previous study in the watershed to determine 
the source of FC pollution in the Attoyac River. According to Lindsey (1975), the 
Garrison WWTF may have been responsible for the highest average counts of 
total coliform and FC that occurred in the study due to the effluents entering the 
stream above the sampling location. Additionally, in this study, the Chireno 
WWTF was not reported to have a significant effect on bacteria counts. However, 
it was also reported that only three samples analyzed indicated that 






Oil and Natural Gas Drilling 
Oil and natural gas drilling was determined as a source of potential 
bacteria in the watershed due to the use of portable sewage disposable facilities, 
also known as portable toilets, by workers. Because of the possibility of the 
malfunction of these portable toilets, bacteria discharge into the watershed is a 
concern. However, oil and natural gas production activities in the watershed have 
slowed down tremendously and with that, a lower concern for portable toilets as 
a source of bacteria.  
Park et al. (2013) conducted a study to determine the effects of farm 
management and environmental factors on the contamination of preharvest 
spinach with E. coli. It was reported that when workers used portable toilets and 
were trained on how to properly use them, contamination of E. coli was 
significantly reduced. However, if portable toilets are improperly used or 
malfunctioning, results would most likely be the opposite.  
 
Pets 
According to Gregory et al. (2014), there is a potential of 11,285 dogs 
located in the Attoyac Bayou Watershed when considering that 1.7 dogs belong 
to the average America household. Assuming that many of these dog owners do 
not properly dispose of their pet’s waste, it is considered as a possible source for 
E. coli in the watershed.  





potential to transfer over 60 parasite species some of which include 
Echinococcus spp., Giardia, Cryptosporidium, and Toxoplasma. According to 
Perdek et al. (2003), pets were identified as a source of E. coli in the Virginia’s 
Four Mile Run Watershed. Pets as well as farm animals, wildlife, and rodents 
were identified as sources that resulted in exceedance of water quality 
standards. Pet waste management programs, also known as popper-scooper 
laws, were recommended as a way to deal with contamination. Dog parks that 
are located well away from water bodies containing fences, disposal locations 
with bags, and public education were also a recommendation. Finally, according 
to the Houston-Galveston Area Council (2012), a reduction as high as 5% of 




Illegal dumping is another potential source of bacteria in the watershed. 
According to Gregory et al. (2014), during fall and winter, there have been 
several cases of reported deer carcasses located near bridges and water quality 
monitoring stations throughout the watershed. In addition to deer carcasses, 
residential waste can also be a source of E. coli. However, residential waste has 
not been reported as a problem in the watershed (Gregory et al., 2014).  
In a study done by Loree et al. (2005), E. coli O157:H7 isolates were 





hides, as well as from a saw used to process the black-tailed deer carcasses.  
It was also reported that rumens of white-tailed deer often possessed Salmonella 
oranienburg (Loree et al., 2005). In addition, 5% (20) of water samples also 
contained Salmonella which is higher than 0.8% of studies previous done on 
water troughs (Loree et al., 2005). It was also reported that feces of 0.5% 
harvested deer tested positive for E. coli, and 2.4% of deer that were on 
rangeland with cattle tested positive in previous studies (Loree et al., 2005). 
However, it was reported that positive results were only observed during 
September and positive results were not observed during October, November, or 
December. It was concluded that this was most likely due to E. coli’s shedding 
pattern (Loree et al., 2005).  
 
Seasonal Variation and Persistence 
 As previously mentioned, seasonal variation can effect the survival and 
accumulation rate of bacteria as well as nutrients. For instance, Tunnicliff and 
Brickler (1984) conducted a study in the Colorado River corridor in the Grand 
Canyon to determine the effect of drought and rainfall conditions on water quality. 
It was found that during drought cycles, the river was within compliance with 
recreation water quality standards for bacteria. However, during rainfall cycles, 
the river often exceeded water quality standards. These results were also similar 
with Wagner et al. (2008) in which high rainfall lead to high concentrations of E. 





during heavy rainfall events due to the overflow of sewer systems of wastewater 
treatment plants (Walters et al., 2013). Nutrients also often follow the same trend. 
Mishra et al. (2010) conducted a study on the fate of N and P in a mixed land use 
and land cover watershed. Mishra et al. (2010) concluded that N and P losses 
varied with seasonal rainfall patterns.  
 Hancock et al. (1996) conducted a study to determine if there is seasonal 
variation among cattle with the prevalence of E. coli O157 located in their 
manure. It was reported that E. coli O157 was highest during June and lowest 
during December. This was expected when considering this pattern follows that 
of the human disease associated with E. coli O157. These results were also 
similar to Wagner et al. (2008) and Loree et al. (2005).  
 
Proposed Best Management Practices for the Attoyac Bayou Watershed 
Best management practices (BMPs) are a way to minimize or prevent 
effects caused by NPS to the environment. These practices are often voluntary; 
however, if they are not implemented and NPS is out of compliance, they may 
become regulatory (TWDB, 2013). In the Attoyac Bayou Watershed Protection 
Plan, BMPs recommended to reduce the amount of bacteria loading are for cattle 
and other livestock, feral hogs, and OSSFs. The timespan planned to accomplish 
this is 10 years and began in 2016. To determine if the implemented BMPs 
improved water quality, relevant water quality parameters will be analyzed before 





surface water standards for primary contact recreation with a 10% margin of 
safety. However, even if measurements meet the standard without the margin of 
safety, the project will still be considered a success (Gregory et al., 2014).  
 
Best Management Practices for Livestock 
One potential source of bacteria in the watershed is from cattle and other 
livestock. Because it is generally easy to manage where cattle and livestock 
travel by adjusting their feed, living quarters, and even their access to water, 
Gregory et al. (2014) has suggested that BMPs be implemented to limit the 
potential bacteria into streams. In addition, because higher bacteria loadings are 
associated with manure deposits that are in close proximity to streams, it is 
suggested that cattle and livestock be kept out of and away from riparian areas 
(Gregory et al., 2014).  
One goal of the Attoyac Bayou Watershed Protection Plan is to potentially 
lower the bacteria loading by educating landowners on the potential to effect the 
stream water quality as well as providing them the technical resources and 
financial assistance. This will be accomplished by developing WQMPs that 
include prescribed grazing, cross-fencing, and alternative watering facilities. 
These were chosen to try and limit the amount of time livestock and cattle spend 
in riparian areas (Gregory et al., 2014). To possibly receive financial assistance, 
landowners could look into Texas State Soil and Water Conservation Board 





Finally, if WQMPs are implemented with the above requirements on 33% of the 
ranches within sub-watersheds 13, 3, 9, 7, 4, 6, and 1, bacterial load reductions 
“from cattle are estimated to be 6.97 E+14 cfu/year” (Gregory et al., 2014). 
The suggestion of providing an alternative water source is warranted when 
considering a study done by Wagner et al. (2013) reported that cattle spent at 
least 5% of their day within or next to streams and that manure that was 
deposited directly into streams were between 6.7 to 10.5%. However, when 
another off-stream water source was provided for them, they spent 43% less time 
in the stream (Wagner et al., 2013). In addition, a study done in Virginia 
examined the effects of installing a water trough as an alternative water source 
(Agouridis et al., 2005). It was reported that after installation, there was an 89% 
reduction in the amount of time cattle spent drinking from the stream and 51% 
reduction in the amount of time cattle spent near the stream. From this, several 
water quality improvements were noted including: reductions of 77% stream bank 
erosion, 90% TSS, 54% total nitrogen, 81% total phosphorus, 75% sediment 
bound phosphorus, and fecal bacteria (percentage not noted) (Agouridis et al., 
2005). 
The addition of fences could assist in the reduction of bacteria loading. For 
instance, in a study done by Larsen et al. (1994), it was reported that when 
manure was 0.61 meters (2 feet) from the stream, bacteria loads were reduced 
by 83% compared to manure deposited directly into the stream. Larsen et al. 





bacteria loads were reduced by 95%. Additionally, a study done by Meals (2001) 
reported that after one year of seven landowners constructing fences to enclose 
2,300 meters (7,546 feet) of stream and wetland from livestock, reductions of 
46% E. coli, 52 % FC, and 51% FS were reported.  
Rotational grazing could also reduce bacteria loads within the watershed. 
Sovell et al. (2000) conducted a study to determine the effects rotationally and 
continuously grazed sites have on water quality in Minnesota. Sovell et al. (2000) 
found that average values for FC, turbidity, and exposed streambank soil were 
lower at sties rotationally grazed and higher at sites continuously grazed for two 
of the streams studied. Further, Johnson et al. (1978) conducted a study in 
Colorado to see if cattle grazing had an effect on bacterial counts in streams. It 
was reported that sites with grazing cattle had significantly more FC and fecal 
streptococci than ungrazed sites. In addition, once cattle were removed from the 
grazing sites, bacteria counts were similar to those of ungrazed sites.  
 
Best Management Practices for Feral Hogs  
Another source of bacteria loading is from feral hogs. However, not only 
are they responsible for the addition of bacteria and nutrients into streams, but 
they also damage stream banks and cause suspension of sediments. This is a 
concern because E. coli has the potential to attach to sediments. Feral hogs are 
also an issue for economics especially when considering the Attoyac Bayou 





being developed land (Gregory et al., 2014) as well as considering the high 
reproductive potential of hogs (Engeman et al., 2007). To try and resolve the 
issue with feral hogs and bacteria loading, Gregory et al. (2014) recommended 
educating landowners on hog behavior and encourage trapping, hunting hogs 
year round, and removing or preventing access to their food supply. Further, 
according to Gregory et al. (2014), if the feral hog population is reduced by 10%, 
there could be “a maximum annual load reduction of 1.07 E+14 cfu of E. coli.”  
An effective way to reduce feral hog populations are by implementing 
fencing and trapping together. Fencing is an effective way to limit food source. A 
study done by Timmions et al. (2011) reported that placing 28 inch or 34 inch tall 
fences around deer feeders kept hogs out of the area, and the approximate cost 
of the materials for the fences were $187 and $190. If food sources are restricted 
by hogs then trapping can be more easily achieved.  
There are several types of trapping approaches although each comes with 
their advantages and disadvantages. For instance, corral traps are large which 
allow for more hogs to be captured as well as have an open top, so if deer 
happen to be trapped, they can escape. However, some disadvantages are that 
they are hard to move and disassemble, can be labor intensive to set up, and 
materials as well as bait can be expensive (Lewis et al., 2011b). Another type of 
trapping includes box trapping. These are easy to set up and transport when 
compared to corral traps. They also can be effective if placed in the proper 





disadvantages are they are only capable of holding one or two hogs and bait can 
be expensive (Lewis et al., 2011a).  
Success of trapping depends on several factors, including population 
density, man-power to check and set up traps, number of traps, and the 
availability of food. According to Massei et al. (2011), trapping in Pinnacles 
National Monument, California resulted in a 70% reduction of the hog population 
in three months. However, there were other studies that were unsuccessful due 
to limited resources and man-power. 
Another way to reduce the feral hog population is by allowing hunting year 
round. In a study done by Engeman et al. (2007), hunting was used as an 
attempt to manage feral hogs. It was reported that areas with hunting allowed 
had 11% damage from hogs when compared to 25% damage in areas without 
hunting. However, the percentage of damage in the hunted areas dropped to 7% 
and 6% in the unhunted areas in less than a year after implementing this 
management practice. This could possibly be due to hogs moving out of the 
area. 
 
Best Management Practices for On-Site Sewage Facilities  
Another source of concern for bacteria loading in the Attoyac Bayou 
Watershed is OSSFs, and according to Gregory et al. (2014), it has the highest 
bacteria loading potential of all sources. As previously mentioned, of the 





about 50% are not properly functioning or not even in place (Gregory et al., 
2014). Majority of these OSSFs are conventional septic tanks with an absorption 
field. Additionally, only approximately 32% of soils within the United States are 
suitable for soil absorption fields used by the conventional septic tank. Because 
of the large area of very limited and somewhat limited soils for absorption fields 
within the watershed (Figure 1), the use of aerobic systems are becoming more 







Figure 1.  Soil suitability for septic tank absorption field within the Attoyac Bayou 







To aid in the issue of failing/non-existent OSSFs, ANRA was issued 
funding through a Clean Water Act (CWA) Section 319 grant which was provided 
by the TCEQ Nonpoint Source Program and the USEPA (ANRA, 2016). Through 
this, a data inventory of either failing or non-existent OSSFs were identified and 
compiled as well as provided with funds to install 23 aerobic OSSFs (ANRA, 
2016). Of the 23 OSSFs installed, 13 were in Nacogdoches County, two in 
Shelby County, and eight in San Augustine County (Sims and Poling, 2016).  
In addition, Gregory et al. (2014), in the Attoyac Bayou Watershed 
Protection Plan, recommends a combination of educating owners of OSSFs and 
anyone who may work with them as well as repairing or replacing failing OSSFs 
to reduce bacteria loading in the watershed. Education will consist on how to 
properly select, design, install, operate, and maintain OSSFs as well as educate 
owners of hunting camps on proper sewage disposal methods. Repairs and 
replacements are planned to take place on 50 OSSFs that are located 137.16 
meters (150 yards) from a perennial stream and 50 OSSFs located 45.72 meters 
(50 yards) from an intermittent stream. Finally, if the above management 
practices are successful, the estimated reduction in bacteria loading for the 
watershed will be 3.59 E+ 16 if all 100 OSSFs are installed or replaced and 3.03 
E+ 13 if the same is done for at least 10 hunting camps (Gregory et al., 2014). 
This project including the installation of 23 OSSFs and education of landowners 
started September 1, 2014 and was completed August 31, 2016 with majority of 





Education is a significant factor in the success of the success of these 
BMPs. With it, owners of OSSFs and anyone who handles one will have the 
proper information and guidance to insure they are properly functioning, installed, 
and maintained. To help with education, ANRA provided each recipient of the 
OSSF installation with education books from Texas A&M AgriLife (Sims and 
Poling, 2016). ANRA have also provided the public with educational materials 
located at ANRA’s office and included materials with an OSSF permit application 
packet (Sims and Poling, 2016). Owners of hunting camps will also have the 
information needed to dispose of sewage correctly and install OSSFs. This is 
imperative because there are approximately 125 hunting camps located within 
the watershed with majority consisting of insufficient OSSFs or none at all 
(Gregory et al., 2014). Additionally, during one of the educational meetings, the 
Attoyac Bayou Stakeholder meeting on July 13, 2017, it was announced that the 
Pineywoods Resource Conservation & Development (RC&D) plans on replacing 
a minimum of 13 OSSFs in the upcoming year of 2018. 
Another important factor in the success of this BMP is installing or 
repairing OSSFs contained within the proximity of perennial and intermittent 
streams. The proximity of 137.16 meters (150 yards) from perennial streams was 
chosen because these streams flow year round, and the base flow source of 
water is usually supplied by groundwater (NC Division of Water Quality, 2010). 
Because of this, there is a higher chance of bacteria reaching the stream. The 





because these streams do not flow year round, is mainly associated with heavy 
stormwater runoff, and contains a low water table (NC Division of Water Quality, 







METHODS OF STUDY 
This project was a joint study between the Texas State Soil and Water 
Conservation Board (TSSWCB), Texas A&M AgriLife Research, Texas Water 
Resources Institute (TWRI), Castilaw Environmental Services, LLC (CES), 
Angelina & Neches River Authority (ANRA), Pineywoods Resource Conservation 
& Development (RC&D), Stephen F. Austin State University Waters for East 
Texas Center (SFASU WET), and Texas A&M AgriLife Extension Service. The 
project period was between June 1, 2016 and May 31, 2019. Data used in this 
project were collected from March 2017 to February 2018. 
 
Study Watersheds 
The Attoyac Bayou Watershed is located within the South Central Plains 
ecoregion, also known as the “Piney Woods,” and includes the counties of 
Nacogdoches, Rusk, San Augustine, and Shelby in East Texas. The climate of 
this area is humid sub-tropical with hot summers and cool winters. All counties 
have similar temperature and precipitation rates annually (Table 1), with the 
western counties of Nacogdoches and Rusk receiving generally less rainfall than 
the eastern counties of Shelby and San Augustine. Rainfall is generally well 
distributed throughout the year in the region, with the least amount occurring in 





(McBroom, 1997). The growing season of Nacogdoches County is approximately 
273 days (Pessarra, 2013). Five major tributaries which are listed in order of 
longest to shortest are located within the watershed: Naconiche Creek, Big Ore 
Creek, West Creek, Waffelow Creek, and Terrapin Creek.  
 
Table 1. Average temperature and precipitation rates for counties located within 
the Attoyac Bayou Watershed for years 1981-2010 (NRCS, 2010). 
 
 
Dominant soil orders are Alfisols, Ultisols, Inceptisols, and Entisols (Figure 
2). Further, the watershed consists of marine sediments in the upland areas and 
alluvial parent material around streams and floodplains which were formed during 
the Eocene Epoch. Soil in the area generally ranges from deep, moderately well-
drained to well-drained, loamy to sandy, acidic soils (USDA, 1980; USDA, 1992; 
USDA, 2006, USDA 2002). The watershed contains a dendritic drainage pattern 
which was created by random headward erosion. Aquifers that are located 
throughout the watershed include the Carrizo-Wilcox, Sparta, and Queen City. 
Topography is characterized by hills leading down into nearly level floodplains 
located by streams (McBroom, 1997). Rural is the dominant Land Use/Land 














rangeland, and 3% developed land (Gregory et al., 2014). Finally, this watershed 
ends where it drains into the Sam Rayburn Reservoir, which was created for 












The sampling locations that were used consisted of five sampling 
locations that were used in past monitoring to allow for data comparison. These 
locations were dispersed along the Attoyac River and tributaries located within 
the Attoyac Bayou Watershed near roads allowing accessible access (Table 2; 
Figure 3). The main Attoyac Bayou Watershed shapefile that was used for this 
project was obtained from the United States Geological Survey’s (USGS) 
National Hydrography Dataset (NHD). Additionally, subwatersheds were 
delineated for each sample location using ArcGIS® (Figure 3). Percent land 
cover/land use for each subwatershed is displayed in (Table 3) (Pessarra, 2013). 
 
Table 2. Sampling locations of the Attoyac Bayou and tributaries located within 
the Attoyac Bayou Watershed in East Texas. 
 
Sample Location Sample I.D.
TCEQ 
Station ID Latitude Longitude
Attoyac Bayou at FM 138 AB 20841 31.768502 -94.426251
Big Iron Ore Creek at FM 354 BIO 20844 31.565953 -94.289458
Naconiche Creek at FM 95 NC 20843 31.712166 -94.449405
Terrapin Creek at SH 95 TC 16084 31.639128 -94.414803







Figure 3. Sample locations and subwatersheds of the Attoyac Bayou Watershed 










































AB 1.30% 1.58% 1.48% 0.09% 0.00% 0.47% 34.25% 18.57% 0.63% 13.88% 6.10% 21.63% 0.01%
BIO 0.22% 0.44% 1.47% 0.15% 0.02% 0.55% 31.20% 21.03% 0.80% 20.56% 7.75% 15.80% 0.00%
NC 1.20% 1.06% 3.01% 0.51% 0.00% 0.47% 30.77% 16.59% 0.62% 15.56% 7.30% 22.91% 0.00%
TC 0.23% 0.94% 2.17% 0.38% 0.00% 0.93% 33.42% 22.49% 0.68% 14.75% 7.31% 16.59% 0.10%





Field Monitoring Equipment 
Stream velocity was measured at each sample location using an 
electronic Marsh-McBirney Flo-Mate Model 2000 Portable Flowmeter attached to 
a top-setting wadding rod. Stream width was measured using a tape measure, 
and stream depth at each midpoint was measured using the top-setting wadding 
rod. Discharge was then calculated using the equation: 
Q=VWD 
where: 
Q = Stream Discharge 
V = Stream Velocity 
W = Stream Width 
D = Stream Depth 
In such conditions that the stream was too deep to wade, flow was estimated. 
This was done by estimating the width and depth of the stream and then 
calculating the velocity by timing how long it took an object to travel a set 
distance. This was repeated four times and then averaged. Discharge was 
estimated by multiplying the above factors by the correction factor. Correction 
factors include: 0.8 for rough stream beds and 0.9 for smooth stream beds 
(TCEQ, 2012b). 
An YSI EXO1 Multi-probe was used at each location to measure 
temperature, DO, pH, and conductivity. Turbidity was measured using a secchi 





appropriate sample containers and on ice for transportation.  
 
Sample Collection 
The following TCEQ documents were used for sampling procedures: 
Surface Water Quality Monitoring Procedures, Volume 1: Physical and Chemical 
Monitoring Methods for Water, Sediment, and Tissue (RG-415) and Volume 2: 
Methods for Collecting and Analyzing Biological Assemblage and Habitat Data 
(RG-416). Sampling took place monthly by SFASU at five sample locations. 
Routine field measurements of temperature, DO, pH, and conductivity were 
measured in-situ using an YSI EXO1 Multi-probe. When stream depth was less 
than 0.50 meters (1.64 feet), measurements were taken at 1/3 of the water depth 
from the surface. However, when stream depth was greater than 0.50 meters 
(1.64 feet), measurements were taken at 0.30 meters (0.98 feet) from the 
surface. Velocity measurements were taken using a Marsh-McBirney Flo-Mate 
Model 2000 Portable Flowmeter attached to a top-setting wadding rod when 
locations were wadable. When depth was less than 0.762 meters (2.5 feet), 
velocity measurements were at 60% of stream depth from the surface.  When 
depth was greater than 0.762 meters (2.5 feet), velocity was measured at 20% 
and 80% from the surface. When locations were not wadable, flow was 
estimated. 
In addition, water samples were collected of significant volume to perform 





These were delivered to the ANRA’s National Environmental Laboratory 
Accreditation Program (NELAP) approved lab and were analyzed for ammonia-
N, nitrate-N, nitrite-N, total P, total suspended solids, total dissolved solids, 
chloride, sulfate, and E. coli enumeration utilizing the IDEXX method. Storage 
containers, sample volume, preservation method, and holding time for each 
water parameter are displayed in Table 4.  
Water samples were collected at the middle of the stream as well as 
upstream of bridges to obtain representative water samples and to avoid possible 
contamination associated with runoff from bridges. In addition, to avoid 
misrepresentation of the water column, surface scum was avoided when 
collecting samples. A dipper along with a wide-mouth polypropylene bottle 
attached to a four foot pole was used to collect the samples upstream of the 
sampler, sampling apparatus, and any disturbed sediments. During sampling, the 
sample collector wore latex gloves and eye protection. The collected water was 
poured into pre-labeled, sterile bottles in order to avoid contamination. Samples 
were placed on ice for transportation to the lab. The holding time allowed for E. 
coli is eight hours, six for transporting and two for processing. However, when 
conditions occur that cause a longer duration for transportation, 30 hours holding 
time is allowed for E. coli (Texas AgriLife Research et al., 2016). Because mixing 
allows redistribution of bacteria, sufficient space was left in the bacteriological 
sample containers, allowing room for the lab to mix the sample prior to 





isopropyl alcohol and then stream water before collection. Rinse water was 
disposed of away from sampling locations. 
 
Table 4. Storage containers, sample volume, preservation method, and holding 




Quality Control/Quality Assurance 
 Procedures for quality control (QC) were followed throughout the course of 
the project which is outlined in Chapter 10 of TCEQ’s Surface Water Quality 
Monitoring Procedures, Volume 1: Physical and Chemical Monitoring Methods 
(RG-415). This was done to insure the integrity, precision, and accuracy of data. 
Example of QC that was used throughout the project includes laboratory 
duplicates and pre/post calibration of the YSI EXO1 Multi-probe. The calibration 
log sheet used for this project can be seen in Appendix A. Quality Assurance was 
followed throughout the course of the project. Quality Assurance Project Plans 
(QAPP) were developed by TWRI using USEPA Requirements for Quality 
Parameter Container Sample Volume Preservation Holding Time
Ammonia-N Plastic 1000 mL Acidify with H2SO4 to pH <2, < 6°C 28 days
Chloride Plastic 250 mL < 6°C 28 days
E. coli SPS 250 mL < 6°C (not frozen); Sodium thiosulfate 8 hours*
Nitrate-N Plastic 250 mL < 6°C 48 hours
Nitrite-N Plastic 250 mL < 6°C 28 days
Sulfate Plastic 250 mL < 6°C 28 days
Total Phosphorus Plastic 500 mL Acidify with H2SO4 to pH <2, < 6°C 28 days
TDS Plastic 500 mL < 6°C 7 days
TSS Plastic 1000 mL < 6°C 7 days
*When transport conditions necessitate delays in delivery longer than six hours, the holding time may be extended, 





Assurance Project Plans (QA/R-5) and the TSSWCB Environmental Data Quality 
Management Plan most recent versions.  
 
Documentation 
 Field observations and notes were recorded onto data sheets. In addition 
to field measurements and flow rate information at each location, the following 
information was recorded: 
 Station I.D. 
 Location 
 Date 
 Sampling time 
 Name of sampler collector/initials 
 Lot number of sample bottle 
Included on each sample bottle was the station I.D., date, sample time, and 
sampler’s initials. Additional information such as current weather, flow severity, 
number of days since last significant rainfall, water appearance, odor, and 
biological activity was recorded as well. An example of the field data sheet used 
can be seen in Appendix A. Finally, a chain-of-custody (COC) form was 
transported with samples from the beginning to end to insure proper 








Water samples were collected and transported on ice to ANRA’s NELAP 
approved lab and were analyzed for E. coli ammonia-N, nitrate-N, nitrite-N, total 
P, total suspended solids, total dissolved solids, chloride, and sulfate. The 
methods for laboratory procedures that were used by ANRA are listed in Table 5 
as well as the methods that were used in the field. Procedures used both in the 
laboratory and field came from USEPA - Methods of Chemical Analysis of Water 
and Wastes (March 1983), Standard Methods for Examination of Water and 
Wastewater (21st edition), and TCEQ's Surface Water Quality Monitoring 
Procedures, Volume 1. Minimum and maximum detection limits for each water 

















Dissolved oxygen SM4500 O-G & TCEQ SOP, V1
Water temperature SM2500 B & TCEQ SOP, V1
pH USEPA 150.1 & TCEQ SOP, V1
Specific Conductivity USEPA 120.1 & TCEQ SOP, V1
Flow TCEQ SOP, V1
Total water depth TCEQ SOP, V1
Flow measurement TCEQ SOP, V1
Flow severity TCEQ SOP, V1
Days since last rainfall TCEQ SOP, V1
Present weather TCEQ SOP, V1
Secchi depth TCEQ SOP, V1
Observed acitivty of primary contact recreation TCEQ SOP, V1
Evidence of primary contact recreation TCEQ SOP, V1
Laboratory Parameters
E. coli IDEXX Laboratories Colilert®
Ammonia-N SM 4500-NH3-D
Nitrate-N SM 4500-NO3 E & USEPA 353.2 Rev. 2.0 (1993)
Nitrite-N SM 4500-NO3 E & USEPA 353.2 Rev. 2.0 (1993)
Total Phosphorus SM 4500-P E & USEPA 365.1
Total Dissolved Solids SM 2540D
Total Suspended Solids SM 2540C
Chloride SM 4500-Cl-B & USEPA 300.0 Rev. 2.1 (1993)
Sulfate SM 426C 15th Ed. & USEPA 300.0 Rev. 2.1 (1993)
SM - Standard Methods for Examination of Water and Wastewater, 21st edition, 2005
TCEQ SOP, V1 - TCEQ's Surface Water Quality Monitoring Procedures, Volume 1, 2012 (RG-415)





Table 6. Minimum and maximum detection limits for the current project and past 




 The statistical software, Statistical Analysis System® (SAS), was used to 
generate descriptive statistics of mean, minimum, maximum, and standard 
deviation of water quality parameters for each sample location for the current 
project and past project periods of the Attoyac Bayou Watershed Protection Plan 
Development (WPPD) and the On-Site Sewage Facility Remediation (OSSF). 
However, for E. coli, the geometric mean and standard deviation was calculated 
to allow for comparison to surface water quality criteria. In addition, an inverse 
log transformation was used on pH values before analysis due to pH being the 
negative logarithm of the concentration of hydrogen ions. 
Parameter WPPD** OSSF** Current Project
Ammonia-N 0.04 0.1 0.1
Chloride 5 5




Total Dissolved Solids 5 5
Total Phosphorus 0.06 0.02 0.02
Total Suspended Solids 2.5 2.5 2.5
*Detection limits are in mg/L for all parameters except E. coli  is in CFU/100 mL
**Attoyac Bayou Watershed Protection Plan Development (WPPD) and Attoyac






  Mass loading was also calculated for E. coli, nutrients, and sediments at 
each sample location for the current and OSSF project period using the following 
equation: 
M = QTC/A 
Where: 
M = Mass Load (E. coli: CFU ha-1; sediments and nutrients: kg ha-1) 
Q = Discharge (Assumed to be representative of 30 day period [L s-1]) 
T = Time (30 day iterations [s]) 
C = Concentration (Assumed to be representative of 30 day period 
[E. coli: CFU/100 ml; sediments and nutrients: mg L-1]) 
A = Area of contributing watershed (ha) 
For the WPPD project period, the above calculation was also used except 
discharge, time, and concentration was assumed to be representative on a 15 
day period. Cumulative loading was also calculated for the current project by 
using the above equation without dividing by the contributing watershed area. 
When water levels were too deep to wade and water appeared stagnant, the 
following equation was used (Figure 4): 
 y = 2.2301x – 5.1378 
This equation was generated from total depth and discharge for Waffelow Creek 






Figure 4. Data and equation used to estimate stream discharge at Waffelow 
Creek when it was too deep to wade and water appeared stagnant.  
 
Climatic data including precipitation were collected from the SFASU WET 
Center Weather Station which is located in Pecan Park at the intersection of 
Wilson Drive and Starr Avenue in Nacogdoches, Texas. Seasons were 
characterized as winter (December, January, February), spring (March, April, 
May), summer (June, July, August), and fall (September, October, November). 
The Shapiro-Wilk test was used to test for normality because the sample 
size is less than 2,000. Because the data follow a non-normal distribution, a 
Kruskal-Wallis test was used to determine if mass loading among sample 
locations and/or seasons contain significant (α=0.05) variation on a 95% 
confidence interval. This test was also performed to determine if water quality 





seasons. A Dunn’s post hoc multiple comparison test for nonparametric data was 
then performed to determine which groups are significantly (α=0.05) different 
from each other. Additionally, to determine if past data were significantly different 
for sample locations (α=0.05) from data collected in this project, the above tests 
was used. To detect monotonic trends between mass loading and water quality 
parameters, Spearman’s correlations were performed to determine if a 
correlation (α=0.05) exists. Finally, linear, exponential (log of dependent 
variable), and power (log of dependent and independent variable) regression 
analysis was performed for concentration and mass loading data using the 








RESULTS AND DISCUSSION 
 During March 2017 through February 2018, water samples were analyzed 
from five sample locations within the Attoyac Bayou Watershed on a monthly 
basis (Appendix B, Table B1). Past water data on the above sample locations 
were retrieved through the TCEQ Surface Water Quality Web Reporting Tool. 
Past data include the dates July 2010 through May 2012 (Attoyac Bayou 
Watershed Protection Plan Development project (WPPD)) and October 2014 
through May 2016 (On-Site Sewage Facility Remediation project (OSSF)). Total 
number of samples for the WPPD project include 238 and 105 for the OSSF 
project (Appendix B, Table B1). Laboratory results and in-situ water quality 
measurements for each sample location for the current project are displayed in 
Appendix B, Table B2 and past data in Appendix B, Table B3. Annual mass 
loading for E. coli, nutrients, and sediments for each subwatershed for the 
current project are displayed in Appendix B, Table B4, total mass loading for past 
data in Appendix B, Table B5, and mean total mass loading for all projects in 
Appendix B, Table B6. Finally, field observations of flow severity, flow 
measurement method, secchi depth, days since significant (≥0.51 cm) rainfall, 
total water depth, number of people engaged in primary contact recreation, 
evidence of primary contact recreation, present weather, stream flow estimate 





 Appendix B, Table B7. 
 
Water Quality Standards 
 Water quality standards are developed to protect human health and 
aquatic life. Standards are developed based on the designated use of a water 
body such as recreation or public drinking water supply. Because of this, water 
quality standards vary. The water quality standards, suggested criteria, and 
screening levels for parameters within the sampling area (TCEQ segment 0612) 
are listed in Table 7. Suggested criteria listed are maximum concentrations found 
in literature that were found to have detrimental effects on water quality. 
Screening levels are concentrations in which water bodies often result in 
excessive nutrient loading and are considered a concern when at least 20% of 
samples exceed the value (Gregory et al., 2014). During the current project, all 
sample locations exceeded the TCEQ standard for E. coli for primary contact 
recreation of a geometric mean of 126 CFU/100 mL. Additionally, pH and DO 
exceeded the TCEQ’s standards, with four out of 60 samples (6.67%) each 
(Appendix B, Table B8). All other water quality parameters did not exceed state 






Table 7. Water quality standards, suggested criteria, and screening level for the 
Attoyac Bayou Watershed located in East Texas. 
 
 
Additionally, when sites experience critical low-flow, standards for 
dissolved oxygen, pH, temperature, and numerical chronic criteria for toxic 
materials do not apply (TCEQ, 2014). Because critical-low flow values were not 
found in literature and daily average flow values were not available for sample 
locations over a five or 30 year timespan, the tenth percentile flow calculation 
was used to determine the 7Q2 (“the lowest average stream flow for seven 
consecutive days with a recurrence interval of two years, as statistically 
determined from historical data”) to be used as the critical low-flow value (Table 
8) (TCEQ, 2012a). Sample locations during the current project experienced 
critical low-flow conditions one out of 60 samples (1.67%). Of the exceedances 







E. coli 126 CFU/100 mL TCEQ, 2014
Ammonia-N 0.33 mg/L** Gregory et al., 2014
Chloride 75 mg/L
Sulfate 50 mg/L
Nitrate-N 10 mg/L* 1.95 mg/L** TCEQ, 2015; Gregory et al., 2014
Nitrite-N 1 mg/L* TCEQ, 2015
Total Phosphorus 0.69 mg/L** Gregory et al., 2014
Water Temperature ≤ 32°C (90°F) TCEQ, 2014
Dissolved oxygen ≥ 5.0 mg/L TCEQ, 2014
Specific conductivity 50 - 1500 µS/cm USEPA, 2012
pH 6.0 - 8.5 TCEQ, 2014
Total Dissolved Solids 200 mg/L TCEQ, 2014
* Drinking water standard





Table 8. Critical low-flows values for five sample locations within the Attoyac 
Bayou Watershed in East Texas calculated using the 10th percentile method.  
 
 
Statistical and Data Analysis 
Statistical analysis was performed on collected data as well as past data 
using the statistical software, SAS. To determine if the data were normally 
distributed, the Shapiro-Wilk test was performed. Descriptive statistics of lab 
results and in-situ water quality measurements from collected data are displayed 
in Appendix B, Table B9 and past data in Appendix B, Table B10 and Table B11. 
 Due to the non-normal distribution of water quality data, a Kruskal-Wallis 
test was performed on collected data to determine if water quality parameters 
were significantly (α=0.05) different among sample locations and/or seasons. If 
results reported significant difference, a Dunn’s post hoc multiple comparison test 
was then performed to determine which groups are significantly (α=0.05) different 
from each other. The above test was also repeated to determine if mass loading 
was significantly (α=0.05) different among sample locations and/or seasons. 
Additionally, the above tests were repeated to compare the current project data 
to past project periods of WPPD and OSSF for concentrations as well as mass 
TCEQ Segment Site I.D. Critical low-flow (L/s) Critical low-flow (cfs) Starts Ends
0612 AB 28.3 1.0 1973 2017
0612D BIO 11.3 0.4 2010 2016
0612B NC 11.3 0.4 2010 2016
0612A TC 17.0 0.6 1997 2016
0612E WC 5.7 0.2 1997 2015






loading among sample locations. Spearman’s correlation was performed on 
collected data to determine if a correlation (α=0.05) exists between water quality 
parameters. Regression analysis was performed on concentration and mass 
loading data using the independent variables of stream discharge and TSS. 
 Finally, it should be noted that caution should be taken when interpreting 
significant difference between mass loadings among project periods. During the 
WPPD and OSSF project periods, a zero was recorded for flow for some of the 
sample dates at sample locations, due to the water appearing stagnant, even 
though water was present throughout the stream channel and not in puddles. 
Because water was present in the stream, the flow was probably visually 
undetectable. This also occurred during the current study. However, to try and 
correct the issue within the current study, flow was estimated by the regression 
equation stated in the methods section. Flow was not estimated for past project 
periods due to the lack of data needed to do so. 
 
Escherichia coli 
Because of the exponential growth of E. coli, the geometric mean is used 
in calculation instead of the arithmetic mean. The TCEQ standard for E. coli is 
listed as a geometric mean of 126, 630, 1,030, and 2,060 CFU/100 mL for 
primary contact recreation, secondary contact recreation I, secondary contact 
recreation II, and noncontact recreation, respectively (TCEQ, 2014). Primary 





such as swimming (TCEQ, 2014). Secondary contract recreation I and II is an 
activity where the probability of ingesting water is low, such as fishing, with the 
difference between the two being that secondary contact recreation II often 
occurs in the area less frequently (TCEQ, 2014). Noncontact recreation is where 
the water body is used for activities that make recreation unsafe such as ship 
traffic (TCEQ, 2014). The standards are set where eight (primary contact 
recreation) and 14-15 (secondary contact recreation I, II, and noncontact) 
illnesses per 1,000 swimmers may occur (TCEQ, 2007). All sample locations 
exceeded the TCEQ primary contact recreation standard of a geometric mean of 
126 CFU/100 mL. 
 
Current Project – Concentrations 
A total of 60 samples were collected for E. coli throughout the project 
period (Appendix B, Table B1). Geometric mean concentrations were 346, 264, 
217, 263, and 360 CFU/100 mL at sample locations AB, BIO, NC, TC, and WC 
(Appendix B, Table B9; Figure 5 and Figure 9). Maximum concentrations were 
820, 610, 920, >2,400, and 1,400 CFU/100 mL and minimum concentrations 
were 203, 140, 93, 55, and 110 CFU/100 mL at sample locations AB, BIO, NC, 
TC, and WC. For values reported at the maximum detection limit of 2,400 
CFU/100 mL, the number was left as is with the greater than sign removed for 
calculations and statistical tests. McBroom (1997) reported that 96% of fecal 





CFU/100 mL. Pessarra (2013) reported geometric means of 303, 323, 153, 160, 
and 141 CFU/100 mL for sample locations AB, BIO, NC, TC, and WC.  
Using a Kruskal-Wallis test (α=0.05), sample location means were not 
significantly (=0.2843) different from each other (Figure 5). 
 
 
*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 5. Geometric mean and standard deviation with Dunn’s multiple 
comparisons grouping of E. coil for five sample locations of the Attoyac Bayou 
Watershed during March 2017 through February 2018.  
  
Current Project – Mass Loading 
E. coli annual mass loading was 9.79 E+08, 4.13 E+09, 2.06 E+.09, 1.28 
E+09, and 2.87 E+09 CFU/ha and E. coli mean annual mass loading was 8.15 





subwatersheds AB, BIO, NC, TC, and WC (Appendix B, Table B4 and Table B6; 
Figure 6 and Figure 10). Using a Kruskal-Wallis test (α=0.05), subwatershed 
means were significantly (=0.0006) different from each other. A Dunn’s multiple 
comparisons test (α=0.05) was performed to determine which subwatersheds 
annual mass loading means were significantly different (Figure 6).  
BIO E. coli mass loading was significantly higher than all subwatersheds 
except NC. These were the two subwatersheds that have the highest stream 
discharge. This was also consistent with the past projects WPPD and OSSF 
(Pessarra, 2013; Sims and Poling, 2016). However, in the current study, NC was 
only significantly higher than AB. Many factors are involved in determining how 
high mass loading will be for a certain area, including factors that effect 
concentration and discharge. In this study, stream discharge seems to have the 








*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 6. Annual mass loading per unit area for E. coli for five subwatersheds in 
the Attoyac Bayou Watershed in East Texas during March 2017 through 
February 2018. 
 
Cumulative E. coli loading was also calculated (Figure 7). Cumulative 
loading in order of highest to lowest for E. coli were BIO, NC, AB, WC, and TC, 
which is the same order of mean stream discharge. For majority of the 
subwatersheds, the largest increase in E. coli load was during the summer and 
winter months. AB and BIO had the largest increase in E. coli load during the 
summer, NC and WC during the winter, and TC during the spring.  
E. coli is generally higher in the warmer months of the year due to warmer 
water temperatures which favors E. coli growth (Wagner et al., 2008; Isobe et al., 





the current project, the most precipitation was during the summer. Several 
tropical storms took place during this time period, including Hurricane Harvey. 
When there is increased water moisture in the environment and surrounding 
areas, such as soil and manure, E. coli has a greater capability to replicate and 
be washed into water bodies (Wagener et al., 2008; Garfield, 2007). Further, E. 
coli does not generally stay suspended in the water column for long, but can 
survive attached to sediments in the stream bed for 12 to 24 months (Hudson, 
2008). Additionally, in the Attoyac Bayou Watershed Protection Plan, it was 
noted that high E. coli mass loading were often associated with high flow events, 
suggesting that resuspension of E. coli attached to sediment being a major 
probable cause (Gregory et al., 2014). 
Moreover, even though E. coli is generally reported at higher 
concentrations during the summer (Wagner et al., 2008), NC and WC had the 
largest increase in cumulative loading during the winter as well as AB and NC 
had the highest geometric mean of E. coli during the winter. Although several 
factors are involved in determining the concentrations of bacteria in the 
environment, one possible reason for the large increase in E. coli loading during 
the winter may be due to hunting. According to Gregory et al. (2014), several 
cases of deer carcass disposal have been reported near streams within the 







Figure 7. Cumulative mass loading for E. coli for five subwatersheds within the 
Attoyac Bayou Watershed during March 2017 through February 2018. 
 
 
Figure 8. Deer carcass illegally dumped into Waffelow Creek in the Attoyac 






Current Project - Correlation 
Spearman’s correlation (α=0.05) was performed to determine if 
correlations exist among water quality parameters (Appendix B, Table B12). All 
significant values are reported, but correlations that probably resulted due to 
chance are not discussed. E. coli had a significant positive linear correlation with 
TDS (r 0.37, =0.0040), pH (r 0.34, =0.0084), and sulfate (r 0.33, =0.0100) as well 
as a significant inverse linear correlation with discharge (r -0.44, =0.0004), 
ammonia-N (r -0.63, =<0.0001), and specific conductivity (r -0.50, =<0.0001).  
E. coli replication and survival increases with increased nutrients. 
Additionally, E. coli replication is greater at higher temperatures (Wagener et al., 
2008). TDS consists of dissolved matter within the water column and may include 
nutrients and sediments. TDS can also increase water temperature, allowing for 
a higher concentration of E. coli (Anning et al., 2006). E. coli is acid tolerant, with 
a pH growth range between 4.4 and 9.0 (ICMSF, 1996). However, their optimum 
growth range is between 6.0 and 7.0 (ICMSF, 1996). In this study, as pH 
increased, so did E. coli concentration. Additionally, E. coli requires sulfur 
containing compounds to grow and survive which is often satisfied by sulfate 
(Zhang et al., 2014). Zhang et al. (2014) conducted a study on the CysZ protein 
found in E. coli to see if different pHs effected the bacteria’s sulfate uptake. It 
was reported that out of the 7.0, 7.5, and 7.9 extracellular pH solutions, sulfate 
uptake occurred at greater rates at pH 7.0 (Zhang et al., 2014). Furthermore, it 





manure can “reduce bacteria survival by acting as a biocide” (Wagener et al., 
2008). Finally, it has been reported that a drought has the capability of increasing 
E. coli concentrations due to the low volume of water (Jackson et al., 2011).  
 
Comparison Between Past Data – Concentrations 
A total of 238 samples were collected for E. coli over the WPPD project 
period (Appendix B, Table B1). Geometric mean concentrations were 237, 430, 
183, 174, and 106 CFU/100 mL for sample locations AB, BIO, NC, TC, and WC 
for the WPPD project period (Appendix B, Table B10; Figure 9). All sample 
locations except for WC exceeded the TCEQ standard of a geometric mean of 
126 CFU/100 mL for primary contact recreation. All sample locations had a 
maximum value of >2,400 CFU/100 mL which is the maximum detection limit. 
Minimum values were 10, 12, 11, <1, and 7 for sample locations AB, BIO, NC, 
TC, and WC for the WPPD project period. The minimum detection limit is 1 
CFU/100 mL and values below this were halved for calculations and statistical 
tests. The maximum detection limit is 2,400 CFU/100 mL and values above this 
were left as is with the greater sign removed for calculations and statistical tests.  
A total of 105 samples were collected for E. coli over the OSSF project 
period (Appendix B, Table B1). Geometric mean concentrations were 281, 326, 
183, 331, and 280 CFU/100 mL for sample locations AB, BIO, NC, TC, and WC 
for the OSSF project period (Appendix B, Table B11; Figure 9). All sample 





for primary contact recreation. All sample locations had a maximum value of 
>2,400 CFU/100 mL with the exception of TC at 1,700 CFU/100 mL. Values 
above the method detection limit were left as is with the greater sign removed for 
calculations and statistical tests.  Minimum values were 77, 100, 47, 84, and 58 
CFU/100 mL for sample locations AB, BIO, NC, TC, and WC for the OSSF 




*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 9. Geometric mean of past projects and current data (March 2017 – 
February 2018) for E. coli for five sample locations of the Attoyac Bayou 
Watershed, with Dunn’s post hoc multiple groupings. Groupings are per project 






Using a Kruskal-Wallis test (α=0.05), BIO and WC E. coli concentration 
means were significantly different among the project periods. A Dunn’s multiple 
comparisons test (α=0.05) was performed to determine which project periods 
means were significantly different at each sample location (Figure 9).  
For BIO, the WPPD project period E. coli mean was signicantly higher 
than the current project period. E. coli mean concentrations improved from the 
WPPD to the current project period. This is significant, especially when 
considering that BIO has been among the sample locations with the highest E. 
coli concentrations and mass loading in past projects (Pessarra, 2013; Sims and 
Poling, 2016). Manure from wildlife and resuspension of E. coli attached to 
sediment were identified as “the only viable sources of E. coli” at this sample 
location, which are one of the hardest sources of pollution to control (Gregory et 
al., 2014). For WC, the current and OSSF project periods E. coli means were 
signifcantly greater than the WPPD project period. WC E. coli means have 
consistently increased throught the project periods. Additional BMPs should be 
implemented in this area to try and reduce the bacteria.  
 
Comparison Between Past Data – Mass Loading 
Total E. coli loading during the WPPD project period (~ two years) was 
5.89 E+08, 5.80 E+09, 1.95 E+09, 3.89 E+09, and 2.75 E+08 CFU/ha and mean 
E. coli loading was 1.62 E+07, 1.41 E+08. 4.65 E+07, 1.39 E+08, and 9.22 E+06 





and Table B6; Figure 10). Total E. coli loading during the OSSF project period (~ 
two years) was 1.08 E+11, 1.29 E+11, 1.09 E+11, 4.85 E+10, and 1.15 E+11 
CFU/ha for mean E. coli loading was 5.15 E+09, 6.16 E+09, 5.19 E+09, 2.31 
E+09, and 5.48 E+09 CFU/ha for subwatersheds AB, BIO, NC, TC, and WC 
(Appendix B, Table B5 and Table B6; Figure 10). 
 
 
*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 10. Average E. coli mass loading of past projects and current data (March 
2017 – February 2018) for five subwatersheds of the Attoyac Bayou Watershed, 
with Dunn’s post hoc multiple groupings. Groupings are per project period among 
subwatersheds. 
 
Using a Kruskal-Wallis test (α=0.05), all subwatershed E. coli mass 





multiple comparisons test (α=0.05) was performed to determine which project 
periods means were significantly different at each subwatershed (Figure 10).  
The current and WPPD project periods were significantly different for all 
subwatersheds except TC, which consistently represented one of the lowest 
mean stream discharge for all project periods. The OSSF project periods was 
also significantly higher than the WPPD project period for all subwatersheds. 
Probably one of the biggest factors that contributed to the variation of mass 
loading among project periods is discharge. For example, the OSSF project 
period consistently had high flows and flooding conditions. Environmental factors, 
such as drought, have a role in the amount of discharge. According to the 
National Oceanic and Atmospheric Administration’s (NOAA) Palmer Hydrological 
Drought Index, the WPPD project period experienced moderate to extreme 
drought, OSSF project experienced mid-range to extremely moist, and current 
project experienced moderate drought to extremely moist conditions. The WPPD 
project, which experienced extreme drought, was significantly different from both 
project periods that experienced extremely moist conditions except for TC. 
 
Ammonia-N 
 The screening level for ammonia-nitrogen (NH3-N) within the watershed is 
0.33 mg/L (Gregory et al., 2014). When NH3-N concentrations exceed 20% of 
samples, there is a concern. Excessive NH3-N concentrations is a concern due to 





Because aquatic organisms, such as fish, excrete NH3-N through passive 
diffusion, if the concentration of NH3-N in the surrounding water is too high, this 
diffusion can be reversed and/or reduced, allowing the buildup in tissues and 
blood (USEPA, 2013). Likewise, the excessive concentrations of unionized 
ammonia (NH4) can also slow down or stop the nitrification process by producing 
toxic effects in the bacteria, Nitrosomonas and Nitrobacter, which in return can 
effect aquatic life (USEPA, 2013).  
NH3-N does not represent a concern based on collected data due to none 
of the water samples exceeding the screening level of 0.33 mg/L for 20% of the 
samples (2.4 months). 
 
Current Project - Concentrations 
A total of 60 samples were collected for NH3-N throughout the project 
period (Appendix B, Table B1). Mean concentrations were 0.08, 0.06, 0.10, 0.07, 
and 0.09 mg/L at sample locations AB, BIO, NC, TC, and WC (Appendix B, Table 
B9; Figure 11 and Figure 14). Maximum concentrations were 0.22, 0.12, 0.27, 
0.17, and 0.17 mg/L and minimum concentrations were all below the minimum 
detection limit of 0.10 mg/L at sample locations AB, BIO, NC, TC, and WC. Out 
of the total samples, 73.33% (44 out of 60) were below the minimum detection 
limit, with 66.67% (eight out 12) at AB, 91.67 (11 out 12) at BIO, 75.00% (nine 
out 12) at NC, 83.33% (10 out 12) at TC, and 50% (six out 12) at WC. These 





reported mean NH3-N values of 0.13, 0.12, 0.12, 0.13, and 0.14 mg/L for sample 
locations AB, BIO, NC, TC, and WC.  
Using a Kruskal-Wallis test (α=0.05), sample location means were not 
significantly (=0.2443) different from each other (Figure 11).  
 
 
*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 11. Arithmetic mean and standard deviation with Dunn’s multiple 
comparisons grouping of ammonia-N for five sample locations of the Attoyac 
Bayou Watershed during March 2017 through February 2018. 
Current Project – Mass Loading 
 
NH3-N annual mass loading was 0.03, 0.08, 0.08, 0.02, and 0.05 kg/ha 
and NH3-N mean annual mass loading was 0.0021, 0.0066, 0.0063, 0.0015, and 





B4 and Table B6; Figure 12 and Figure 15Figure 22). Using a Kruskal-Wallis test 
(α=0.05), subwatershed means were significantly (=<0.0001) different from each 
other. A Dunn’s multiple comparisons test (α=0.05) was performed to determine 
which subwatersheds annual mass loading means were significantly different 
(Figure 12). 
BIO, NC, and WC mass loading for NH3-N is significantly greater than the 
other subwatersheds but not among themselves. BIO and NC also had the 
highest mean stream discharge values, whereas WC had the second highest 
mean NH3-N concentration as well as second lowest mean stream discharge. 
Additionally, McBroom et al. (2008) reported mean annual ammonia-nitrogen 
losses of 0.026 kg/ha for undisturbed watersheds as well as mass losses of 
0.139 and 0.194 kg/ha for watersheds that were conventionally and intensively 
prepared for pine plantation production. Mean annual NH3-N values in the current 








*Subwatersheds with the same letter are not significantly different. 
 
Figure 12. Annual mass loading per unit area for ammonia-N for five 
subwatersheds in the Attoyac Bayou Watershed in East Texas during March 
2017 through February 2018. 
 
Cumulative loading was also calculated for NH3-N for each subwatershed 
(Figure 13). Cumulative loading in order of highest to lowest for NH3-N were NC, 
BIO, AB, WC, and TC. For majority of the subwatersheds, the largest increase in 
NH3-N load was during the summer months. AB, BIO, and TC had the largest 
increase in NH3-N load during the summer, and NC and WC during the winter.  
Low oxygen conditions facilitate the production of NH3-N (Forest Service, 
n.d.). This is seen within the current project’s data. NH3-N was detected above 
the minimum detection limit for all sample locations during the summer months 





cumulative loading at subwatersheds AB, BIO, and TC. Further, WC did 
experience sporadic events throughout all seasons, in which NH3-N occurred 
above the minimum detection limit. The beaver dam located near the sample 
location may explain the variation in NH3-N data. Beaver dams often result in 
slow moving water causing low dissolved oxygen, which can promote NH3-N 
production. However, beaver dams also can facilitate in NH3-N removal by 
promoting denitrification through detained water (Nadoronzy, 2009).  
 
 
Figure 13. Cumulative mass loading for ammonia-N for five subwatersheds 
within the Attoyac Bayou Watershed during March 2017 through February 2018. 
 
Current Project – Correlation 
Spearman’s correlation (α=0.05) was performed to determine if 





significant values are reported, but correlations that probably resulted due to 
chance are not discussed. NH3-N had a significant positive linear correlation with 
specific conductivity (r 0.29, =0.0238), TP (r 0.30, =0.0191), and secchi depth     
(r 0.32, =0.0139) as well as a significant inverse linear correlation with TDS        
(r -0.53, =<0.0001), E. coli (r -0.63, =<0.0001), and chloride (r -0.43, =0.0005). 
 As previously mentioned, as NH3-N increases, E. coli often decreases due 
to NH3-N acting as a biocide (Wagener et al., 2008). Specific conductivity 
increases with the amount of dissolved solids present in a water column. It is also 
important to note that caution should be used when interpreting statistical tests 
with NH3-N in this project period due to majority (73.33%) of samples being 
below the method detection limit.  
 
Comparison Between Past Data - Concentrations  
 A total of 238 samples were collected for NH3-N over the WPPD project 
period (Appendix B, Table B1). Mean concentrations were 0.16, 0.12, 0.12, 0.17, 
and 0.31 mg/L for sample locations AB, BIO, NC, TC, and WC for the WPPD 
project period (Appendix B, Table B10; Figure 14). All sample locations within the 
WPPD project period had a minimum value of <0.04 mg/L, which is the method 
detection limit. These values were halved for calculations and statistical tests. 
Maximum values for the WPPD project period were 0.71, 0.68, 0.39, 0.76, and 
2.37 mg/L for locations AB, BIO, NC, TC, and WC. Of the total samples, 21 out of 





26.67% (12 out of 45 samples), making NH3-N a concern at this location 
(Appendix B, Table B8). No other sample locations exceeded the screening level 
by 20%. 
A total of 105 samples were collected for NH3-N over the OSSF project 
period (Appendix B, Table B1). For the OSSF project period, mean 
concentrations were 0.05, 0.05, 0.06, 0.07, and 0.07 mg/L (Appendix B, Table 
B11; Figure 14). However, it is important to note that all NH3-N measurements for 
AB were below the method detection limit of <0.1 mg/L as well as BIO with the 
exception of one sample. Additionally, all sample locations had a minimum value 
of <0.1 mg/L. Values below the method detection limit were halved for 
calculations and statistical tests Finally, for the OSSF project period, maximum 
values were <0.1, 0.13, .22, 0.17, and 0.22 mg/L for sample locations AB, BIO, 
NC, TC, and WC. No samples exceeded the screening level, indicating NH3-N is 







*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 14. Arithmetic mean of past projects and current data (March 2017 – 
February 2018) for ammonia-N for five sample locations of the Attoyac Bayou 
Watershed, with Dunn’s post hoc multiple groupings. Groupings are per project 
period among sample locations. 
 
Using a Kruskal-Wallis test (α=0.05), all sample location means were 
significantly different among project periods. A Dunn’s multiple comparisons test 
(α=0.05) was performed to determine which project periods means were 
significantly different at each sample location (Figure 14).  
The current and OSSF project were significantly different with regards to 
ammonia. However, the WPPD project period were significantly higher than both 
the current and OSSF project period. A drought occurred during the WPPD 





oxygen conditions facilitate the production of NH3-N (Forest Service, n.d.). Out of 
the project periods, the WPPD consistently experienced the lowest dissolved 
oxygen values, with all sample location minimum values falling below 5.0 mg/L 
several times. Additionally, the WPPD experienced critical low-flow conditions 
more times than the other project periods. Slow moving water also encourages 
low dissolved oxygen values and could have provided the environment needed 
for NH3-N production. However, it is important to note that 10 out of 41 (24.39%) 
DO measurements during the WPPD occurred at or below critical low-flow 
conditions.  
 
Comparison Between Past Data – Mass Loading 
Total NH3-N loading during the WPPD project period (~ two years) was 
0.1, 0.13, 0.07, 0.08, and 0.02 kg/ha and mean NH3-N loading was 0.0003, 
0.0030, 0.0016, 0.0026, and 0.0005 kg/ha for subwatersheds AB, BIO, NC, TC, 
and WC (Appendix B, Table B5 and Table B6; Figure 15). Total NH3-N loading 
during the OSSF project period (~ two years) was 0.55, 0.58, 0.63, 0.28, and 
0.37 kg/ha and mean NH3-N loading was 0.0262, 0.0277, 0.0299, 0.0133, and 
0.0177 kg/ha for subwatersheds AB, BIO, NC, TC, and WC (Appendix B, Table 







*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 15. Average ammonia-N mass loading of past projects and current data 
(March 2017 – February 2018) for five subwatersheds of the Attoyac Bayou 
Watershed, with Dunn’s post hoc multiple groupings. Groupings are per project 
period among subwatersheds. 
 
Using a Kruskal-Wallis test (α=0.05), all subwatershed NH3-N mass 
loading means were significantly different among project periods. A Dunn’s 
multiple comparisons test (α=0.05) was performed to determine which project 
periods means were significantly different at each subwatershed (Figure 15).  
 For all subwatersheds except TC, the WPPD project period mass lading 
was significantly lower than the current and OSSF project period. Stream 
discharge probably had the largest role in making NH3-N mass loading 





concentration values were significantly higher for the WPPD project period when 
compared to the OSSF and current project periods. For TC, the OSSF project 
period mass loading was significantly higher than the WPPD and current project 
periods. Stream discharge also probably had the largest role in mass loading at 
TC when considering that mass loading was in order from highest to lowest 
mean stream discharge values and that the current and OSSF project periods 
had the same NH3-N means but were significantly different for mass loading. 
Finally, according to data reported by McBroom et al. (2008), as mentioned 




The drinking water standard for nitrate-nitrogen (NO3-N) set to help 
prevent methemoglobinemia is 10 mg/L (TCEQ, 2015), whereas the screening 
level to prevent eutrophication for NO3-N is 1.95 mg/L (Gregory et al., 2014). 
When NO3-N concentrations exceed the screening level for 20% of samples, 
there is a concern. None of the samples exceeded the screening level or drinking 
water standard. 
 
Current Project – Concentrations 
A total of 60 samples were collected for NO3-N throughout the project 





and 0.40 mg/L for sample locations AB, BIO, NC, TC, and WC (Appendix B, 
Table B9; Figure 16 and Figure 19). Maximum values were 0.50, 1.90, 0.69, 
1.10, and 1.10 mg/L and minimum values were 0.06, 0.36, 0.18, 0.54, and 0.15 
mg/L for sample locations AB, BIO, NC, TC, and WC. McBroom (1997) reported 
mean NO3-N values of 0.633 and 0.325 mg/L for sample locations TC and WC.  
Using a Kruskal-Wallis test (α=0.05), sample location means were 
significantly (=<0.0001) different from each other. A Dunn’s multiple comparisons 
test (α=0.05) was performed to determine which sample location means were 










*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 16. Arithmetic mean and standard deviation with Dunn’s multiple 
comparisons grouping of nitrate-nitrogen for five sample locations of the Attoyac 
Bayou Watershed during March 2017 through February 2018. 
 
 BIO and TC were significantly higher than the other sample locations but 
not between themselves. Additionally, AB, NC, and WC were significantly lower 
than the other sample locations but not among themselves. Binkley et al. (1999) 
reported that NO3-N peak concentrations in forested streams without fertilizer 
application tend to be < 1.0 mg/L; however, for locations with nitrogen fixating 
species, peak NO3-N concentrations may be higher even without the addition of 
fertilizer. Samples locations BIO, TC, and WC all had peak NO3-N values greater 
than 1.0 mg/L, indicating either the addition of fertilizer or the presence of 





annual average for forested watersheds without the addition of fertilizer tend to 
be < 1.0 mg/L and < 5.0 mg/L with the addition of fertilizer. BIO was the only 
sample location to exceed 1.0 mg/L at 1.25 mg/L. 
Even though sample location means were significantly different, no 
sample location exceeded the suggested screening (1.95 mg/L) or drinking water 
level (10 mg/L). Additionally, according to WHO (n.d.), if NO3-N in surface water 
is often found at levels below 4 mg/L. This was the case for all sample locations 
within the study.  
 
Current Project – Mass Loading 
Annual NO3-N mass loading was 0.10, 1.69, 0.34, 0.22, and 0.18 kg/ha 
and mean annual NO3-N mass loading was 0.0083, 0.1406, 0.0285, 0.0181, and 
0.0152 kg/ha for subwatersheds AB, BIO, NC, TC, and WC (Appendix Table B4 
and Table B6; Figure 17 and Figure 20). Using a Kruskal-Wallis test (α=0.05), 
subwatershed means were significantly (=<0.0001) different from each other. A 
Dunn’s multiple comparisons test (α=0.05) was performed to determine which 
subwatersheds annual mass loading means were significantly different (Figure 
17).  
BIO NO3-N mass loading is significantly higher than all sample locations. 
BIO NO3-N mean concentration values were also significantly higher for all 
sample locations except TC. McBroom et al. (2008) reported mean annual NO3-N 





0.986 and 2.777 kg/ha for watersheds that were conventionally and intensively 
prepared for pine plantation production. Mean annual NO3-N losses in the current 
study represent conditions similar to undisturbed watersheds. 
 
 
*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 17. Annual mass loading per unit area for nitrate-N for five 
subwatersheds in the Attoyac Bayou Watershed in East Texas during March 
2017 through February 2018. 
 
Cumulative loading was also calculated for NO3-N for each subwatershed 
(Figure 18). Cumulative loading in order of highest to lowest for NO3-N were BIO, 
NC, AB, TC, and WC. BIO consistently had higher discharge and NO3-N 
concentration values, resulting in the highest cumulative load. For majority of the 
subwatersheds, the largest increase in NO3-N load was during the winter months. 





with AB during the summer.  
NO3-N loading has been reported to be higher in different seasons for 
different reasons. For example, NO3-N has been reported to be higher in the 
winter months due to factors such as inputs from groundwater, low up-take from 
aquatic plants, and lower discharge causing a dilution factor (USGS). However, 
NO3-N has also been reported to be higher in spring and summer due to 
application of fertilizer (USGS, 1999). 
 
 
Figure 18. Cumulative mass loading for nitrate-N for five subwatersheds within 
the Attoyac Bayou Watershed during March 2017 through February 2018. 
 
Current Project – Correlation 
Spearman’s correlation (α=0.05) was performed to determine if 





significant values are reported, but correlations that probably resulted due to 
chance are not discussed. NO3-N had a significant positive linear correlation with 
TP (r 0.27, =0.0381), TSS (r 0.75, =<0.0001), DO (r 0.67, =<0.0001), specific 
conductivity (r 0.77, =<0.0001), and discharge (r 0.41, =0.0013) as well as a 
significant inverse linear correlation with pH (r -0.50, =<0.0001). 
 Both NO3-N and TP are often correlated with non-point source pollution 
such as fertilizer use (USGS, 1999). As both of these nutrients are in fertilizer 
that are applied to land, they can enter the streams through sediment and runoff. 
As TSS increases, so do these nutrients (USGS, 1999). When stream discharge 
increases, the chance of erosion and sediment entering streams also increases, 
which could increase the concentration of NO3-N. Additionally, USEPA (2000) 
reported that when water contains an increase in ions, such as nitrate and 
phosphate, the specific conductivity also increases (USEPA, 2012). 
 
Comparison Between Past Data – Concentrations 
 NO3-N was not measured during the WPPD project period. However, a 
total of 104 samples were collected for NO3-N over the OSSF project period 
(Appendix B, Table B1). For the OSSF project period, mean concentrations were 
0.15, 1.08, 0.39, 0.68, and 0.19 mg/L for sample locations AB, BIO, NC, TC, and 
WC (Appendix B, Table B11; Figure 19). Maximum NO3-N values for the project 
period were 0.43, 1.80, 0.89, 1.30, and 0.52 mg/L for sample locations AB, BIO, 





sample locations AB, BIO, NC, TC, and WC. The method detection limit for this 
project period is 0.05 mg/L and values below this were halved for calculations 
and statistical tests. No sample exceeded the TCEQ drinking water standard or 
the screening level for NO3-N during the OSSF project period. 
 
 
*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 19. Arithmetic mean of past projects and current data (March 2017 – 
February 2018) for nitrate-N for five sample locations of the Attoyac Bayou 
Watershed, with Dunn’s post hoc multiple groupings. Groupings are per project 
period among sample locations. 
 
Using a Kruskal-Wallis test (α=0.05), AB (=0.0332) and WC (=0.0470) 
NO3-N means were significantly different among the current and OSSF project 





As previously mentioned, Binkley et al. (1999) reported that NO3-N peak 
concentrations in forested streams without fertilizer application tend to be < 1.0 
mg/L, however, for locations with nitrogen fixating species, peak NO3-N 
concentrations may be higher even without the addition of fertilizer. For the 
OSSF project period, only BIO and TC had peak NO3-N values greater than 1.0 
mg/L, indicating either the addition of fertilizer or the presence of nitrogen fixating 
species. Additionally, Binkley et al. (1999) reported NO3-N mean annual average 
for forested watersheds without the addition of fertilizer tend to be < 1.0 mg/L and 
< 5.0 mg/L with the addition of fertilizer. As found with the current project, only 
BIO for the OSSF project mean NO3-N value exceeded 1.0 mg/L, with 1.08 mg/L.  
Finally, even though AB and WC mean NO3-N values were significantly 
higher for the current than the OSSF project period, NO3-N values for both 
project periods were still below the suggested screening and drinking water level 
as well as within the range that is expected of natural sources (<4 mg/L) (WHO, 
n.d.). 
 
Comparison Between Past Data – Mass Loading 
Total NO3-N loading during the OSSF project period (~ two years) was 
1.35, 5.65, 3.68, 1.39, and 1.02 kg/ha and mean NO3-N loading was 0.064, 
0.269, 0.175, 0.066, and 0.051 kg/ha for subwatersheds AB, BIO, NC, TC, and 







*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 20. Average Nitrate-N mass loading of past projects and current data 
(March 2017 – February 2018) for five subwatersheds of the Attoyac Bayou 
Watershed, with Dunn’s post hoc multiple groupings. Groupings are per project 
period among subwatersheds. 
 
Using a Kruskal-Wallis test (α=0.05), BIO (=0.0433) and TC (=0.0473) 
NO3-N mass loading means were significantly different among the current and 
OSSF project period (Figure 20). 
For BIO and TC, NO3-N mass loading was significantly higher for the 
OSSF project period. Even though the concentration values for BIO and TC were 
not considered significantly different between project periods, the higher 





different. Finally, as previously mentioned, according to data reported by 
McBroom et al. (2008), mean annual NO3-N losses for the OSSF study represent 
conditions closer to undisturbed watersheds.  
 
Nitrite-N 
Just like NO3-N, a drinking water standard has been developed for nitrite-
nitrogen (NO2-N) to help prevent methemoglobinemia and is set at 1 mg/L 
(TCEQ, 2015). However, there is currently not a screening level in place for the 
Attoyac Bayou Watershed. None of the samples exceeded the drinking water 
standard for NO2-N. 
 
Current Project – Concentrations and Mass Loading 
 A total of 60 samples were collected for NO2-N throughout the current 
project period (Appendix B, Table B1). All samples were below the minimum 
detection limit of 0.05 mg/L. Because of this, statistical tests were not performed 
to determine if mean values are significantly different and were not included in 
the correlation or regression analysis. Additionally, because mass loading is 
calculated by multiplying discharge by time and concentration and then dividing 
the product by subwatershed area, statistical tests and calculations were not 







Comparison Between Past Data – Concentrations 
 NO2-N was not measured during the WPPD project period. However, a 
total of 99 samples were collected for NO2-N over the OSSF project period 
(Appendix B, Table B1). Likewise, for the OSSF project period, all samples for all 
sample locations were reported below the method detection limit of 0.05 mg/L. 
This is consistent with the current project. As previously stated, due to all data 
being below the minimum detection limit, statistical test comparing the project 
periods concentrations as well as mass loading was not performed.  
 
Chloride 
The TCEQ standard for chloride for the Attoyac Bayou Watershed is 75 
mg/L based on an annual average (TCEQ, 2014). Chloride is an important 
parameter for aquatic life due to the interference chloride can have on 
osmoregulation, which can effect their survival, growth, and reproduction (Hunt et 
al, 2012). To help maintain aquatic life, it is recommend that chloride 
concentrations do not exceed 230 mg/L (Hunt et al, 2012). There is currently not 
a concern for chloride in drinking water for human health, but to limit the salty 
taste of water, the drinking water standard for chloride has been set to 250 mg/L 
(WHO, 2003). None of the sample locations exceeded the TCEQ standard of an 





Current Project – Concentrations 
A total of 60 samples were collected for chloride throughout the project 
period (Appendix B, Table B1). Mean concentrations were 17.8, 9.7, 11.2, 9.0, 
and 10.4 mg/L at sample locations AB, BIO, NC, TC, and WC (Appendix B, Table 
B9; Figure 21 and Figure 24). Maximum concentrations were 32, 17, 14, 16 and 
15 mg/L and minimum concentrations were 10.0, 7.5, 8.3, 6.6, and 7.4 mg/L at 
sample locations AB, BIO, NC, TC, and WC. 
Using a Kruskal-Wallis test (α=0.05), sample location means were 
significantly (=<0.001) different from each other. A Dunn’s multiple comparisons 
test (α=0.05) was performed to determine which sample location means were 










*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 21. Arithmetic mean and standard deviation with Dunn’s multiple 
comparisons grouping of chloride for five sample locations of the Attoyac Bayou 
Watershed during March 2017 through February 2018. 
 
 AB mean chloride values were significantly higher for all sample locations 
except NC. One possible reason that mean chloride values were higher at AB 
except for NC and for NC being higher than BIO and TC is the amount of 
pastureland the subwatersheds contains. Chang et al. (1983) conducted a study 
over eight watersheds located in East Texas. Chang et al. (1983) reported that 
water flowing through forested watersheds had lower chloride, TP, nitrate-nitrite-
nitrogen, and TSS than pastureland watersheds. Additionally, when the 
percentage of pastureland increased so did the concentration of the above 





7,942.41, 2,227.10, 4,349.64, 817.29, and 659.97 ha for subwatersheds AB, BIO, 
NC, TC, and WC. AB and NC contain the largest area of pastureland and have 
the highest concentrations of chloride.  
Further, even though all sample locations were significantly different from 
at least one other sample location, they were all well below the TCEQ standard 
of an annual average of 75 mg/L. Finally, all sample locations were within the 
range (0 to 100 mg/L) of average streams found in literature (Thomas et al., 
2007). 
 
Current Project – Mass Loading 
Annual mass loading for chloride was 4.69, 13.02, 9.04, 2.90, and 5.99 
kg/ha and annual mean chloride mass loading was 0.3911, 1.0849, 0.7531, 
0.2413, and 0.4992 kg/ha for subwatersheds AB, BIO, NC, TC, and WC 
(Appendix B, Table B4 and Table B6; Figure 22 and Figure 25). Using a Kruskal-
Wallis test (α=0.05), subwatershed means were significantly (=<0.0001) different 
from each other. A Dunn’s multiple comparisons test (α=0.05) was performed to 
determine which subwatersheds annual mass loading means were significantly 
different (Figure 22). BIO is significantly greater than other subwatersheds except 







*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 22. Annual mass loading per unit area for chloride for five subwatersheds 
in the Attoyac Bayou Watershed in East Texas during March 2017 through 
February 2018. 
 
Total cumulative loading was also calculated for chloride for each 
subwatershed (Figure 23). Cumulative loading in order of highest to lowest for 
chloride were BIO, NC, AB, WC, and TC, which is the same order of mean 
stream discharge. For majority of the subwatersheds, the largest increase in 
chloride load was during the spring and winter months. NC and TC had the 
largest increase in chloride load during the spring, AB during the summer, and 
BIO and WC during the winter.   
Watson (2011) reported that chloride concentrations decreased with 





data in this study. Minimum mean seasonal chloride concentrations occurred 
generally with the lowest mean seasonal stream discharge values, and maximum 
mean seasonal chloride concentrations occurred with various mean seasonal 
stream discharge values. 
 
 
Figure 23. Cumulative mass loading for chloride for five subwatersheds within 
the Attoyac Bayou Watershed during March 2017 through February 2018. 
 
Current Project – Correlation 
Spearman’s correlation (α=0.05) was performed to determine if 
correlations exist among water quality parameters (Appendix B, Table B12). All 
significant values are reported, but correlations that probably resulted due to 





with TDS (r 0.30, =0.0182) and water temperature (r 0.30, =0.0178) as well as a 
significant inverse linear correlation with pH (r -0.45, =0.0003) and NH3-N           
(r -0.43, =0.0005). 
 TDS is the total amount of dissolved solids within a water column and 
include nutrients such as chloride, nitrate, and phosphate (USEPA, 2012). 
Because of this, it is expected that as the chloride concentration increases, so 
will the TDS concentration. 
 
Comparison Between Past Data – Concentrations 
Chloride was not measured during the WPPD project period. However, a 
total of 105 samples were collected for chloride over the OSSF project period 
(Appendix B, Table B1). Mean concentrations were 8.9, 8.2, 10.0, 8.7, and 9.3 
mg/L for sample locations AB, BIO, NC, TC, and WC for the OSSF project period 
and were all well below the chloride standard of annual mean of 75 mg/L 
(Appendix B, Table B11; Figure 24). Maximum values were 18, 11, 14, 12, and 
15 mg/L for sample locations AB, BIO, NC, TC, and WC. Minimum values were 
<5.0, <5.0, 7.4, 6.2, and 6.2 mg/L for sample locations AB, BIO, NC, TC, and 
WC. The method detection limit for the OSSF project period was 5 mg/L, and 







*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 24. Arithmetic mean of past projects and current data (March 2017 – 
February 2018) for chloride for five sample locations of the Attoyac Bayou 
Watershed, with Dunn’s post hoc multiple groupings. Groupings are per project 
period among sample locations. 
 
Using a Kruskal-Wallis test (α=0.05), AB chloride means were significantly 
(=0.0002) different among the current and OSSF project period (Figure 24).  
Even though sample location mean chloride values were significantly 
different for AB, both project periods annual average was well below the TCEQ 







Comparison Between Past Data – Mass Loading 
Total chloride loading during the OSSF project period (~ two years) was 
72.46, 55.36, 94.00, 40.36, and 57.39 kg/ha and mean chloride loading was 3.45, 
2.64, 4.48, 1.92, and 2.87 kg/ha for subwatersheds AB, BIO, NC, TC, and WC 
(Appendix B, Table B5 and Table B6).  
 
 
*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 25. Average chloride mass loading of past projects and current data 
(March 2017 – February 2018) for five subwatersheds of the Attoyac Bayou 
Watershed, with Dunn’s post hoc multiple groupings. Groupings are per project 
period among subwatersheds. 
 





means were significantly different among the current and OSSF project period 
(Figure 25). Stream discharge appears to have the largest role in the difference 
between mass loadings between project periods as chloride concentrations were 
not significantly different at NC but were for mass loading. 
 
Sulfate 
The TCEQ standard for sulfate is 50 mg/L based on an annual average 
(TCEQ, 2014). Standards are set for sulfate to reduce unwanted taste in drinking 
water, reduce catharsis among male adults, as well as reduce its laxative effects 
(WHO, 2004). Catharsis has been reported when sulfate levels exceed 600 
mg/L, unwanted taste has been reported when drinking water exceeds 250 mg/L 
sulfate, and laxative effects in humans have been reported when sulfate exceeds 
750 mg/L (WHO, 2004). None of the sample locations exceeded the TCEQ 
surface water standard of an annual average of 50 mg/L for sulfate. 
 
Current Project – Concentrations  
A total of 60 samples were collected for sulfate throughout the project 
period (Appendix B, Table B1). Mean concentrations were 17.9, 9.5, 8.4, 13.0, 
and 19.6 mg/L at sample locations AB, BIO, NC, TC, and WC (Appendix B, Table 
B9; Figure 26 and Figure 30). Maximum concentrations were 42, 14, 14, 35, and 
39 mg/L and minimum concentrations were 5.1, 6.8, <5.0, <5.0, and 7.7 mg/L at 





(four out of 60) were below the minimum detection limit of <5.0 mg/L, with 8.3% 
(one out of 12) at NC and 25% (three out of 12) at TC. These values were halved 
for calculations and statistical tests.  
Using a Kruskal-Wallis test (α=0.05), sample location means were 
significantly (=0.0278) different from each other. A Dunn’s multiple comparisons 
test (α=0.05) was performed to determine which sample location means were 
significantly different (Figure 26).  
 
 
*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 26. Arithmetic mean and standard deviation with Dunn’s multiple 
comparisons grouping of sulfate for five sample locations of the Attoyac Bayou 
Watershed during March 2017 through February 2018. 
 
Every sample location was significantly different from at least one other 





relationship with sulfate and E. coli concentrations (Figure 27). The 
concentrations for both parameters follow the same pattern, and the sample 
locations with the highest sulfate concentrations also had the highest E. coli 
concentrations. This relationship is discussed further in the current study 
correlation section for both sulfate and E. coli. 
 
 
Figure 27. Sulfate and E. coli concentrations for five sample locations within the 
Attoyac Bayou Watershed in East Texas during March 2017 through February 
2018. 
 
Even though every other sample location was significantly different from at 
least one other sample location, all locations were well below the TCEQ standard 





(2003), sulfate concentrations within freshwater streams are generally between 3 
to 30 mg/L, however, underlying geology of a landscape can result in stream 
sulfate concentrations greater than 1,000 mg/L. All sample locations were within 
the general range of freshwater streams.  
 
Current Project – Mass Loading 
Annual sulfate mass loading was 4.98, 13.01, 7.22, 5.52, and 11.68 kg/ha 
and mean annual sulfate mass loading was 0.4154, 1.0844, 0.6014, 0.4597, and 
0.9736 kg/ha for subwatersheds AB, BIO, NC, TC, and WC (Appendix B, Table 
B4 and Table B6; Figure 28 and Figure 31). Using a Kruskal-Wallis test (α=0.05), 
subwatershed means were significantly (=0.0013) different from each other. A 
Dunn’s multiple comparisons test (α=0.05) was performed to determine which 
subwatersheds annual mass loading means were significantly different (Figure 
28).  
BIO NO3-N mass loading was significantly higher than all sample locations 
except WC. All other sample locations were not significantly different from at 
least one other sample location. McBroom et al. (2012) conducted a study to 
quantify differences in mass loading between two watersheds where a well pad 
was constructed directly in an intermittent stream (F1) and where a well pad was 
constructed 15 m from an intermittent stream (F2). Total mass loading for sulfate 
from October 2008 through March 2010, was 21.53 and 6.43 kg/ha for F1 and 






*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 28. Annual mass loading per unit area for sulfate for five subwatersheds 
in the Attoyac Bayou Watershed in East Texas during March 2017 through 
February 2018. 
 
Cumulative loading was also calculated for sulfate (Figure 29). Cumulative 
loading in order of highest to lowest for sulfate were BIO, NC, AB, WC, and TC. 
For majority of the subwatersheds, the largest increase in sulfate load was during 
the spring months. AB, NC, TC, and WC had the largest increase in sulfate load 
during the spring, with BIO during the winter.  
Watson (2011) reported that sulfate concentrations tend to decrease with 
increasing discharge. This was not seen with the data in this study. Minimum 
mean seasonal sulfate concentrations generally occurred with the lowest mean 









Figure 29. Cumulative mass loading for sulfate for five subwatersheds within the 
Attoyac Bayou Watershed during March 2017 through February 2018. 
 
Current Project – Correlation  
Spearman’s correlation (α=0.05) was performed to determine if 
correlations exist among water quality parameters (Appendix B, Table B12). All 
significant values are reported, but correlations that probably resulted due to 
chance are not discussed. Sulfate had a significant positive linear correlation with 
E. coli (r 0.33, =0.0100) and secchi depth (r 0.39, =0.0019). 
  As mentioned previously, E. coli requires sulfur containing compounds to 





al. (2014) conducted a study on the CysZ protein found in E. coli to see if 
different pHs effected the bacteria’s sulfate uptake. It was reported that out of the 
7.0, 7.5, and 7.9 extracellular pH solutions, sulfate uptake occurred at greater 
rates at pH 7.0 (Zhang et al., 2014). 
 
Comparison Between Past Data – Concentrations  
A total of 105 samples were collected for sulfate over the OSSF project 
period (Appendix B, Table B1). Sulfate was not measured during the WPPD 
project period. Sulfate mean concentrations for the OSSF project period were 
12.9, 10.5, 11.5, 24.0, and 25.5 mg/L for sample locations AB, BIO, NC, TC, and 
WC (Appendix B, Table B11 and Figure 30). All means were below the sulfate 
standard of an annual mean of 50 mg/L. Maximum concentration values were 30, 
17, 39, 51, and 59 mg/L for sample locations AB, BIO, NC, TC, and WC. 
Minimum concentration values were all below the minimum detection limit of 5 
mg/L for all sample locations except WC with a reported value of 7 mg/L. Values 







*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 30. Arithmetic mean of past projects and current data (March 2017 – 
February 2018) for sulfate for five sample locations of the Attoyac Bayou 
Watershed, with Dunn’s post hoc multiple groupings. Groupings are per project 
period among sample locations. 
 
Using a Kruskal-Wallis test (α=0.05), TC (=0.0226) and WC (=0.0224) 
sulfate means were significantly different among the current and OSSF project 
periods (Figure 30). 
Mean sulfate concentrations were significantly greater during the OSSF 
project period at TC and WC. The relationship between E. coli and sulfate that 
was in the current study, in which the concentration of E. coli increased with 





same general pattern for sulfate that was in the current study was also in the 
OSSF study. Finally, as previously mentioned, both project periods means were 
well below the sulfate standard and do not raise a concern. 
 
Comparison Between Past Data – Mass Loading 
Total sulfate loading during the OSSF project period (~ two years) was 
137.64, 117.78, 165.13, 158.08, and 197.41 kg/ha and mean sulfate loading was 
6.55, 5.61, 7.86, 7.52, and 9.87 kg/ha for subwatersheds AB, BIO, NC, TC, and 










*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 31. Average sulfate mass loading of past projects and current data 
(March 2017 – February 2018) for five subwatersheds of the Attoyac Bayou 
Watershed, with Dunn’s post hoc multiple groupings. Groupings are per project 
period among subwatersheds. 
 
Using a Kruskal-Wallis test (α=0.05), TC (=0.0396) sulfate mass loading 
means were significantly different among the current and OSSF project period 
(Figure 31). 
This is not surprising due to the higher concentrations and discharge at 
TC during the OSSF project period. Finally, according to the data reported by 
McBroom et al. (2012), all sample locations for all project periods represent 
undisturbed watersheds, in regards to well construction, as mentioned above in 





Total Dissolved Solids 
The TCEQ standard for total dissolved solids (TDS) is 200 mg/L based on 
an annual average (TCEQ, 2014). Standards were developed for TDS for surface 
water to help increase light penetration due to dissolved solids, allow for more 
dissolved oxygen in the water column, as well as other reasons. Drinking water 
standards were developed for TDS to lower the salty taste, reduce color, 
deposits, staining, and hardness (USEPA, 2017). The drinking water standard for 
TDS set by the USEPA (2017) is 500 mg/L. None of the samples locations 
exceeded the surface water or drinking water standard.  
 
Current Project – Concentrations  
A total of 60 samples were collected for TDS throughout the project period 
(Appendix B, Table B1). Mean concentrations were 142, 87, 94, 95, and 117 
mg/L at sample locations AB, BIO, NC, TC, and WC (Appendix B, Table B9; 
Figure 32 and Figure 35). Maximum concentrations were 180, 100, 120, 130, and 
140 mg/L and minimum concentrations were 120, 67, 77, 62, and 95 mg/L at 
sample locations AB, BIO, NC, TC, and WC.  
Using a Kruskal-Wallis test (α=0.05), sample location means were 
significantly (=<0.0001) different from each other. A Dunn’s multiple comparisons 
test (α=0.05) was performed to determine which sample location means were 






*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 32. Arithmetic mean and standard deviation with Dunn’s multiple 
comparisons grouping of total dissolved solids for five sample locations of the 
Attoyac Bayou Watershed during March 2017 through February 2018. 
 
AB and WC have significantly higher means than the other sample 
locations but not between themselves. Further, according to a study done by the 
USGS including 2,650 streams across the United States, minimum 
concentrations were generally < 100 mg/L, moderate concentrations were 
generally 100 to 500 mg/L, and high concentrations were generally > 500 mg/L  
(Anning and Flynn, 2014). Concentrations in this study are within the low to 
moderate range. TDS concentrations found in this study were also within range 
to support drinking water (< 500 mg/L), irrigation water (< 700 mg/L), livestock 





beer (500 mg/L), and brewing dark beer (1,100 mg/L) (Anning and Flynn, 2014). 
Finally, even though AB and WC was significantly higher than the other sample 
locations, they were still well below the TCEQ standard of an annual average of 
200 mg/L. 
 
Current Project – Mass Loading 
Annual TDS mass loading was 38, 118, 77, 32, and 63 kg/ha and mean 
annual TDS mass loading was 3, 10, 6, 3, and 5 kg/ha for subwatersheds AB, 
BIO, NC, TC, and WC (Appendix B, Table B4 and Table B6; Figure 33 and 
Figure 36) Using a Kruskal-Wallis test (α=0.05), subwatershed means were 
significantly (=<0.0001) different from each other. A Dunn’s multiple comparisons 
test (α=0.05) was performed to determine which subwatersheds annual mass 
loading means were significantly different (Figure 33).  
BIO mass loading for TDS was significantly higher than the other sample 
locations except NC. These were also the two sample locations with the highest 
mean stream discharge values as well as highest mass loading for all other 
nutrient parameters except sulfate (NH3-N, chloride, NO3-N, TP). However, NC 
was not significantly different from TC and WC. The USGS conducted a study to 
determine where the primary of source of TDS to watersheds came from by 
using data from 2,650 water quality monitoring stations across the United States 
(Anning and Flynn, 2014). According to their study, the following are the primary 





material, 5% road deicers, 3% pasturelands, and 2% urban, and 1% cultivated 
lands (Anning and Flynn, 2014). East Texas generally does not use road deicers 
as there is not a use for it. Additionally, due to the Attoyac Bayou Watershed 
being 97% rural with only 3% of developed land (Gregory et al., 2014), it is most 
likely that the primary source of TDS is from geologic material and pasturelands.  
 
 
*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 33. Annual mass loading per unit area for total dissolved solids for five 
subwatersheds in the Attoyac Bayou Watershed in East Texas during March 
2017 through February 2018. 
 
Cumulative loading was also calculated for TDS (Figure 34). Cumulative 
loading in order of highest to lowest for TDS were BIO, NC, AB, WC, and TC. For 





spring months. NC, TC, and WC had the largest increase in TDS load during the 
spring, with AB and BIO during the summer.   
TDS is made up of dissolved solids such as chloride, sulfate, and nitrate. 
Because of this, it is not surprising that the largest increase in TDS cumulative 
loading was during the spring and summer as it is typical to see high mass 
loadings of nutrients during spring and summer due to application of fertilizer 
(USGS, 1999).  
 
 
Figure 34. Cumulative mass loading for total dissolved solids for five 
subwatersheds within the Attoyac Bayou Watershed during March 2017 through 
February 2018. 
 
Current Project - Correlation 





correlations exist among water quality parameters (Appendix B, Table B12). All 
significant values were reported, but correlations that probably resulted due to 
chance are not discussed. TDS had a significant positive linear correlation with 
chloride (r 0.30, =0.0182) and E. coli (r 0.37, =0.0040) as well as a significant 
inverse linear correlation with NH3-N (r -0.53, =<0.0001), DO (r -0.30, =0.0220), 
specific conductivity (r-0.32, =0.0119), and secchi depth (r -0.32, =0.0130). 
 Chloride is a major constituent of TDS so it is not surprising that as 
chloride increased so did TDS (Anning et al., 2006). Additionally, TDS includes 
nutrients, such as nitrogen, which is needed for E. coli growth and survival 
(Wagener et al., 2008). TDS can also limit the limit penetration (Anning et al., 
2006), reducing photosynthetic and DO as well as decreasing the secchi depth. 
 
Comparison Between Past Data - Concentrations 
TDS was not measured during the WPPD project period. However, a total 
of 104 samples were collected for TDS over the OSSF project period (Appendix 
B, Table B1). Mean concentrations for the OSSF project period were 111, 89, 96, 
113, and 119 mg/L at sample locations AB, BIO, NC, TC, and WC (Appendix B, 
Table B11; Figure 35). No sample location exceeded the standard of annual 
average of 200 mg/L TDS. Maximum concentration values for the OSSF project 
period were 170, 120, 130, 220, and 160 mg/L and minimum concentration 





and WC. None of the samples were reported below the minimum detection limit 
of 5 mg/L TDS.  
 
 
*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 35. Arithmetic mean of past projects and current data (March 2017 – 
February 2018) for total dissolved solids for five sample locations of the Attoyac 
Bayou Watershed, with Dunn’s post hoc multiple groupings. Groupings are per 
project period among sample locations. 
 
Using a Kruskal-Wallis test (α=0.05), AB (=0.0053) TDS means were 
significantly different for the current project than the OSSF project period (Figure 
35).  





TDS concentrations still were within ranges to support various processes for both 
project periods. Both project periods for AB were within moderate TDS 
concentrations and were within ranges to support drinking water, irrigation water, 
livestock drinking water, pulp and paper process, and brewing light and dark beer 
(Anning and Flynn, 2014). Finally, all sample locations among both project 
periods were well below the TCEQ standard for TDS. 
 
Comparison Bewteen Past Data – Mass Loading 
Total TDS loading during the OSSF project period (~ two years) was 
1,306.46, 1,118.24, 1,144.33, 740.11, and 961.65 kg/ha and mean TDS loading 
was 62.21, 53.25, 54.49, 35.24, and 48.08 kg/ha for subwatersheds AB, BIO, 







*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 36. Average total dissolved solids mass loading of past projects and 
current data (March 2017 – February 2018) for five subwatersheds of the Attoyac 
Bayou Watershed, with Dunn’s post hoc multiple groupings. Groupings are per 
project period among subwatersheds. 
 
Using a Kruskal-Wallis test (α=0.05), AB (=0.0396) and NC (=0.0329) TDS 
mass loading means were significantly different among the current and OSSF 
project period (Figure 36). 
Concentrations of constituents that make up TDS were generally lower for 
the OSSF project period. The only exception was sulfate for all locations except 
AB and TP for BIO. This and the high discharge in the OSSF project period, due 
to high-flows and flooding conditions, were the largest contribution to the highest 






The screening level for total phosphorus (TP) is 0.69 mg/L (Gregory et al., 
2014). When TP concentrations exceed the screening level by 20% of samples, 
there is a concern. There is currently not a national standard in place for TP, but 
development of one is underway to help reduce eutrophication of water bodies 
(USGS, 1999). None of the samples exceeded the screening level, making TP 
not a concern. 
 
Current Project – Concentrations  
A total of 60 samples were collected for TP throughout the project period 
(Appendix B, Table B1). Mean concentrations were 0.16, 0.06, 0.07, 0.04, and 
0.10 mg/L at sample locations AB, BIO, NC, TC, and WC (Appendix B, Table B9; 
Figure 37 and Figure 40). Maximum concentrations were 0.27, 0.12, 0.14, 0.07, 
and 0.17 mg/L and minimum concentrations were 0.05, <0.02, 0.02, <0.02, and 
<0.02 mg/L at sample locations AB, BIO, NC, TC, and WC. Out of the total 
samples, 6.67% (four out of 12) were below the minimum detection limit of <0.02 
mg/L, with 8.33% (one out of 12) at BIO and TC as well as 16.67% (two out of 
12) at WC. These values were halved for calculations and statistical tests. 
McBroom (1997) reported mean TP values of 0.112 and 0.155 mg/L at sample 
locations TC and WC. Pessarra (2013) reported mean TP values of 0.25, 0.11, 
0.13, 0.08, and 0.12 mg/L at sample locations AB, BIO, NC, TC, and WC. 





significantly (=<0.0001) different from each other. A Dunn’s multiple comparisons 
test (α=0.05) was performed to determine which sample location means were 
significantly different (Figure 37).  
 
 
*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 37. Arithmetic mean and standard deviation with Dunn’s multiple 
comparisons grouping of total phosphorus for five sample locations of the 
Attoyac Bayou Watershed during March 2017 through February 2018. 
 
 AB had significantly higher TP means when compared to all sample 
locations except WC. As mentioned above, Chang et al. (1983) reported that 
watersheds containing greater amount of pastureland than forested areas had 
greater concentrations of chloride, TP, nitrate-nitrite-nitrogen, and TSS. It was 





subwatersheds, with WC containing the lowest amount of pastureland (Pessarra, 
2013). However, out of the sample locations, AB and WC were the only sites that 
had cattle in the near vicinity. Binkley et al. (1999) reported similar results of the 
average streams in the United States containing a TP mean of 0.02 mg/L for 
streams draining though forested areas and 0.15 mg/L for streams draining 
through agricultural areas. From these results, AB was similar to streams 
draining through agricultural areas, TC creek similar to forested areas, and all 
other samples locations with a mixture of both. Finally, Even though every 
sample location is significantly different from at least one other sample location, 
all locations were well below the suggested screening level. 
 
Current Project – Mass Loading 
Annual TP mass loading was 0.04, 0.08, 0.06, 0.01, and 0.06 kg/ha and 
mean annual TP mass loading was 0.0035, 0.0069, 0.0049, 0.0008, and 0.0048 
kg/ha for subwatersheds AB, BIO, NC, TC, and WC (Appendix B, Table B4 and 
Table B6; Figure 38 and Figure 41). Using a Kruskal-Wallis test (α=0.05), 
subwatershed means were significantly (=0.0005) different from each other. A 
Dunn’s multiple comparisons test (α=0.05) was performed to determine which 
subwatersheds annual mass loading means were significantly different (Figure 
38).  
All subwatersheds were significantly different from TC but not among 





(2008) reported mean annual TP losses of 0.005 kg/ha for undisturbed 
watersheds as well as mass losses of 0.036 and 0.280 kg/ha for watersheds that 
were conventionally and intensively prepared for pine plantation production. 




*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 38. Annual mass loading per unit area for total phosphorus for five 
subwatersheds in the Attoyac Bayou Watershed in East Texas during March 
2017 through February 2018. 
 
Cumulative loading was calculated for TP (Figure 39). Cumulative loading 
in order of highest to lowest for TP were BIO, AB, NC, WC, and TC. For majority 





and winter months. AB and BIO had the largest increase in TP load during the 
summer, NC during the fall, and TC and WC during the winter.  
TP loading has been reported to be higher in different seasons for 
different reasons. For example, USGS (1999) reported higher TP during low-flow 
events due to lower discharge causing a dilution factor as well as when point 
source contribution is greater than stream flow. However, USGS (1999) also 
reported higher TP during high-flow events due to more TSS that carry TP. 
Additionally, USGS (1999) reported higher TP in spring and summer due to 
application of fertilizer. Nadorozny (2009) reported that TP loading was lowest 
during the summer, when rainfall is typically lower and second lowest in the 
winter due to TP being immobilized by particles freezing together. In this study, 








Figure 39. Cumulative mass loading for total phosphorus for five subwatersheds 
within the Attoyac Bayou Watershed during March 2017 through February 2018. 
 
Current Project - Correlation 
Spearman’s correlation (α=0.05) was performed to determine if 
correlations exist among water quality parameters (Appendix B, Table B12). All 
significant values are reported, but correlations that probably resulted due to 
chance are not discussed. TP had a significant positive linear correlation with 
NH3-N (r 0.30, =0.0191) and NO3-N (r 0.27, =0.0381). 
As previously mentioned, both NO3-N and TP are often correlated with 
non-point source pollution such as fertilizer use (USGS, 1999). As both of these 
nutrients are commonly in fertilizers that are applied to land, they can enter the 





Comparison Between Past Data – Concentrations 
A total of 238 samples were collected for TP over the WPPD project 
period (Appendix B, Table B1). Mean concentrations for the WPPD project period 
were 0.27, 0.10, 0.13, 0.08, and 0.12 mg/L for sample sites AB, BIO, NC, TC, 
and WC (Appendix B, Table B10; Figure 40). Maximum concentration values 
were 0.81, 0.93, 0.35, 0.23, and 0.25 mg/L for sample sites AB, BIO, NC, TC, 
and WC. Minimum concentration values were all below the minimum detection 
limit of 0.06 mg/L with the exception of AB at 0.07 mg/L. Values below the 
minimum method detection limit were halved for calculations and statistical tests. 
Seven (2.94%) of the total samples exceeded the screening level of 0.69 mg/L, 
with AB and TC exceeding by 6.67% (three samples) and BIO exceeding by 
1.75% (one sample) (Appendix B, Table B8). None of the sample locations 
exceeded the TP screening level by 20%, making it not a concern.   
A total of 105 samples were collected for TP over the OSSF project period 
(Appendix B, Table B1). Mean concentrations for the OSSF project period were 
0.14, 0.07, 0.07, 0.05, and 0.09 mg/L for sample sites AB, BIO, NC, TC, and WC 
(Appendix B, Table B11;  Figure 40). Maximum concentration values were 0.36, 
0.50, 0.23, 0.12, and 0.19 mg/L for sample sites AB, BIO, NC, TC, and WC. 
Minimum concentration values were all below the method detection limit of 0.02 
mg/L with the exception of AB at 0.03 mg/L. Values below the minimum method 
detection limit were halved for calculations and statistical tests. No sample 






*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 40. Arithmetic mean of past projects and current data (March 2017 – 
February 2018) for total phosphorus for five sample locations of the Attoyac 
Bayou Watershed, with Dunn’s post hoc multiple groupings. Groupings are per 
project period among sample locations. 
 
Using a Kruskal-Wallis test (α=0.05), all sample location TP means except 
BIO were significantly different among the project periods. A Dunn’s multiple 
comparisons test (α=0.05) was performed to determine which project periods 
means were significantly different at each sample location (Figure 40). 
 For AB and WC, the WPPD project period was significantly higher than 
the OSSF project period. For NC and TC, the WPPD project period was 
significantly higher than both the current and OSSF project periods. The WPPD 





periods even though it was not significantly higher for AB or WC for the current 
project. This may be due to the low-flows that were reported during this time 
period due to the extreme drought that occurred. According to the USGS (1999), 
phosphorus concentrations are often higher during low-flow events due to a 
lower dilution taking place. Finally, even though every sample location was 
significantly different from at least one other sample location among project 
periods, all locations were well below the suggested screening level. 
 
Comparison Between Past Data – Mass Loading 
Total TP loading during the WPPD project period (~ two years) was 0.02, 
0.07, 0.09, 0.04, and 0.01 kg/ha and mean TP loading was 0.0005, 0.0016, 
0.0019, 0.0012, and 0.0003 kg/ha for subwatersheds AB, BIO, NC, TC, and WC 
(Appendix B, Table B5 and Table B6; Figure 41). Total TP loading during the 
OSSF project period (~ two years) was 1.90, 1.07, 0.59, 0.46, and 0.37 kg/ha 
and mean TP loading was 0.0915, 0.0509, 0.0280, 0.0217, and 0.0174 kg/ha for 
subwatersheds AB, BIO, NC, TC, and WC (Appendix B, Table B5 and Table B6; 






*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 41. Average total phosphorus mass loading of past projects and current 
data (March 2017 – February 2018) for five subwatersheds of the Attoyac Bayou 
Watershed, with Dunn’s post hoc multiple groupings. Groupings are per project 
period among subwatersheds. 
 
Using a Kruskal-Wallis test (α=0.05), all subwatershed TP mass loading 
means were significantly different among project periods. A Dunn’s multiple 
comparisons test (α=0.05) was performed to determine which project periods 
means were significantly different at each subwatershed (Figure 41).  
For all sample locations except for TC, the WPPD project period was 
significantly different than the current and OSSF project period. For TC, the 
OSSF project period was significantly higher than the WPPD project period. The 





watersheds, whereas the OSSF project period represents conditions similar to 
watersheds conventionally prepared for pine plantation production (McBroom, 
2008). 
 
Total Suspended Solids 
Currently, there is no TCEQ standard for total suspended solids (TSS). 
However, TSS should not reduce the light compensation point (LCP) by more 
than 10% of the seasonal norm (McBroom, 1997). The light compensation point 
can be estimated by multiplying the secchi depth by two (Charlotte Harbor Water 
Atlas, 2018). The approximate LCP for the current study as well as the average 
seasonal LCP was calculated for each sample location (Appendix B, Table B13). 
Historical secchi depth data only went back two years. Data used for the average 
seasonal LCP calculation were during the OSSF project period (October 2014 
through May 2016). 
Out of the total samples, 53 (88.33%) exceeded the average seasonal 
LCP by more than 10%. Seven samples (58.33%) exceeded at AB, 12 samples 
exceeded (100%) at BIO and TC, as well as 11 (88.33%) exceeded at NC and 
WC. It is important to note that caution should be used when comparing the 
current projects approximate LCP to the average seasonal LCP due to the limited 







Current Project – Concentrations 
A total of 60 samples were collected for TSS throughout the project period 
(Appendix B, Table B1). Mean concentrations were 17.8, 27.0, 19.8, 9.1, and 
25.9 mg/L at sample locations AB, BIO, NC, TC, and WC (Appendix B, Table B9; 
Figure 42 and Figure 45). Maximum concentrations were 33, 64, 48, 15, and 88 
mg/L and minimum concentrations were 3.8, 9.5, 7.3, 5.6, and 8.3 mg/L at 
sample locations AB, BIO, NC, TC, and WC. McBroom (1997) reported mean 
TSS values of 111.1 and 65.1 mg/L at sample locations TC and WC. Pessarra 
(2013) reported mean TSS values of 34.19, 29.54, 9.97, 27.00, and 21.18 mg/L 
at sample locations AB, BIO, NC, TC, and WC. 
Using a Kruskal-Wallis test (α=0.05), sample location means were 
significantly (=<0.0015) different from each other. A Dunn’s multiple comparisons 
test (α=0.05) was performed to determine which sample location means were 







*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 42. Arithmetic mean and standard deviation with Dunn’s multiple 
comparisons grouping of total suspended solids for five sample locations of the 
Attoyac Bayou Watershed during March 2017 through February 2018. 
 
TC was significantly lower than all sample locations in regards to TSS, but 
other sample locations were not significantly different from each other. TC had 
the lowest mean stream discharge out of all sample locations. Lower stream 
velocity allows for sediment to fall out of the water column. Additionally, even 
though TC had the lowest TSS mean, TC exceeded the LCP of the seasonal 
norm by 100%. However, as previously noted, it is important to interpret these 
results with caution due to the lack of data in calculating the seasonal LCP at all 
sample locations. Additionally, it has been reported that TSS concentrations 





aquatic organisms (Pessarra, 2013). All sample locations for the current study 
were well below 200 mg/L. 
 
Current Project – Mass Loading 
Annual TSS mass loading was 6.40, 37.33, 16.18, 2.99, and 14.53 kg/ha 
and mean annual TSS mass loading was 0.5334, 3.1109, 1.3486, 0.2495, and 
1.2104 kg/ha for subwatersheds AB, BIO, NC, TC, and WC (Appendix B, Table 
B4 and Table B6; Figure 43 and Figure 46) Using a Kruskal-Wallis test (α=0.05), 
subwatershed means were significantly (=<0.0001) different from each other. A 
Dunn’s multiple comparisons test (α=0.05) was performed to determine which 
subwatersheds annual mass loading means were significantly different (Figure 
43).  
BIO annual TSS mass loading was significantly higher than other sample 
locations except NC. These were also the two sample locations with the highest 
mean stream discharge values. NC is not significantly different than WC. 
McBroom et al. (2012) conducted a study to observe differences in mass loading 
between two watersheds where a well pad was constructed directly in an 
intermittent stream (F1) and where a well pad was constructed 15 m from an 
intermittent stream (F2). During the first month of data collection, TSS loads were 
83 and 10 kg/ha for F1 and F2 (McBroom et al., 2012). After a year a data 
collection, TSS loads were 19,561 and 785 kg/ha for F1 and F2 (McBroom et al., 





loading from undistributed forested sites averaged 42 kg/ha and sites that were 
clearcut ranged from 111 to 224 kg/ha/yr. Data from this study represents 
undisturbed watersheds.  
 
 
*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 43. Annual mass loading per unit area for total suspended solids for five 
subwatersheds in the Attoyac Bayou Watershed in East Texas during March 
2017 through February 2018. 
 
Cumulative loading was calculated for TSS (Figure 44). Cumulative 
loading in order of highest to lowest for TSS were BIO, NC, AB, WC, and TC. For 
majority of the subwatersheds, the largest increase in TSS load was during the 
summer and spring months. AB and BIO had the largest increase in TSS load 





TSS has been reported to be correlated with stream discharge (USGS, 
1999; Cochran, 1996). For all sample locations except AB, the highest seasonal 
TSS mean occurred with the highest seasonal stream discharge mean. It is 
expected for TSS to be highest during times of increases precipitation due to 
higher flows and increased potential of erosion. 
 
 
Figure 44. Cumulative mass loading for total suspended solids for five 
subwatersheds within the Attoyac Bayou Watershed during March 2017 through 
February 2018. 
 
Current Project – Correlation  
Spearman’s correlation (α=0.05) was performed to determine if 
correlations exist among water quality parameters (Appendix B, Table B12). All 





chance are not discussed. TSS had a significant positive linear correlation with 
NO3-N (r 0.75, =<0.0001), DO (r 0.44, =0.0004), specific conductivity (r 0.50, 
=<0.0001), and discharge (r 0.35, =0.0049) as well as a significant inverse linear 
correlation with pH (r -0.56, =<0.0001). 
As previously mentioned, NO3-N is often correlated with non-point source 
pollution such as fertilizer use (USGS, 1999). Since this nutrient is commonly in 
fertilizers that are applied to land, NO3-N can enter the streams through sediment 
and runoff. When stream discharge increases, the chance of erosion and 
sediment entering streams also increases. Cochran (1996) also found TSS 
correlated to discharge (r 0.61 to 0.71). Additionally, because specific 
conductivity is the ability of water to conduct electricity, which is reliant on 
dissolved ions and water temperature, specific conductivity may increase with 
increasing TSS due to nutrients absorbed to particles and from the particles 
increasing the water temperature.  
 
Comparison Between Past Data – Concentrations  
A total of 238 samples were collected for TSS over the WPPD project 
period (Appendix B, Table B1).  Mean concentrations for the WPPD project 
period were 49.4, 38.2, 12.7, 30.6, and 25.5 mg/L for sample sites AB, BIO, NC, 
TC, and WC (Appendix B, Table B10; Figure 45). Maximum concentration values 
were reported at 390, 454, 62.6, 97, and 113 mg/L and minimum concentration 





and WC. The minimum detection limit for the WPPD project was 2.5 mg/L and 
any values below this value were halved for calculations and statistical tests.  
A total of 105 samples were collected for TSS over the OSSF project 
period (Appendix B, Table B1). Mean concentrations for the OSSF project period 
were 20.0, 30.2, 28.7, 19.2, and 13.2 mg/L for sample sites AB, BIO, NC, TC, 
and WC (Appendix B, Table B11; Figure 45). Maximum concentration values 
were reported at 34, 270, 1120, 75, and 28 mg/L and minimum concentration 
values were 3.7, 3.4, 3.7, 3.5, and 6.2 mg/L for sample sites AB, BIO, NC, TC, 
and WC. No sample was below the minimum detection limit of 2.5 mg/L for the 









*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 45. Arithmetic mean of past projects and current data (March 2017 – 
February 2018) for total suspended solids for five sample locations of the Attoyac 
Bayou Watershed, with Dunn’s post hoc multiple groupings. Groupings are per 
project period among sample locations. 
 
Using a Kruskal-Wallis test (α=0.05), NC (=0.0327), TC (=<0.0001), and 
WC (=0.0266) TSS means were significantly different among the project periods. 
All other sample locations were not significantly different among project periods. 
A Dunn’s multiple comparisons test (α=0.05) was performed to determine which 
project periods means were significantly different at each sample location (Figure 
45).  
 For NC, the OSSF project periods were significantly higher than the 





higher than the OSSF project period. For TC, the WPPD project period was 
significantly higher for both the current and OSSF project period. Variations 
among project periods may be due to several reasons, such as differences in 
precipitation, erosion, and construction within the watershed. Finally, all sample 
locations for all projects are well below 200 mg/L which has been reported to 
reduce primary production as well as respiration of aquatic organisms when 
exceeded (Pessarra, 2013). 
 
Comparison Between Past Data – Mass Loading 
Total TSS loading during the WPPD project period (~ two years) was 2.39, 
25.72, 8.91, 14.90, and 1.54 kg/ha and mean TSS loading 0.061, 0.585, 0.198, 
0.497, and 0.048 kg/ha for subwatersheds AB, BIO, NC, TC, and WC (Appendix 
B, Table B5 and Table B6; Figure 46). Total TP loading during the OSSF project 
period (~ two years) was 302.60, 714.02, 525.15, 138.91, and 170.66 kg/ha and 
mean TSS loading 14.41, 34.00, 25.01, 6.61, and 8.13 kg/ha for subwatersheds 







*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 46. Average total suspended solids mass loading of past projects and 
current data (March 2017 – February 2018) for five subwatersheds of the Attoyac 
Bayou Watershed, with Dunn’s post hoc multiple groupings. Groupings are per 
project period among subwatersheds. 
 
Using a Kruskal-Wallis test (α=0.05), all subwatershed TSS mass loading 
means were significantly different among project periods. A Dunn’s multiple 
comparisons test (α=0.05) was performed to determine which project periods 
means were significantly different at each subwatershed (Figure 46).  
 For all sample locations except TC, the WPPD project period was 
significantly different than the current and OSSF project period. For TC, the 
OSSF project period was greater than the current and WPPD project period. 





variation. Finally, according to data reported by McBroom et al. (2012), all 
sample locations for all project periods represent undisturbed watersheds, in 
regards to well construction, as mentioned above in the current study mass 
loading section.  
 
Secchi Depth 
 Secchi depth is a measure of turbidity. There is no specific standard for 
secchi depth. However, it is an important measurement because the light 
compensation point can be estimated from it, and it is recommended that the 
LCP should not be reduced by more than 10% of the seasonal norm. Information 
regarding if the LCP was reduced during this project period can be found above 
in the TSS results section.  
 
Current Project – Measurements 
A total of 60 measurements were recorded for secchi depth throughout the 
project period (Appendix B, Table B1). Mean values were 0.33, 0.28, 0.35, 0.25, 
and 0.23 cm at sample locations AB, BIO, NC, TC, and WC (Appendix B, Table 
B9; Figure 47 and Figure 48). Maximum depths were 0.66, 0.60, 0.72, 0.47, and 
0.50 cm and minimum depths were 0.14, 0.08, 0.20, 0.07, and 0.05 cm at sample 
locations AB, BIO, NC, TC, and WC. 
Using a Kruskal-Wallis test (α=0.05), sample location means were not 






*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 47. Arithmetic mean and standard deviation with Dunn’s multiple 
comparisons grouping of secchi depth for five sample locations of the Attoyac 
Bayou Watershed during March 2017 through February 2018. 
 
Current Project – Correlation  
Spearman’s correlation (α=0.05) was performed to determine if 
correlations exist among water quality parameters (Appendix B, Table B12). 
Secchi depth had a significant positive linear correlation with NH3-N (r 0.31, 
=0.0139), sulfate (r 0.39, =0.0019), and discharge (r 0.40, =0.0015) as well as a 
significant inverse linear correlation with TDS (r -0.32, =0.0130). As previously 
mentioned, TDS has the ability to limit the limit penetration (Anning et al., 2006). 






Comparison Between Past Data – Measurements  
 Secchi depth was not measured during the WPPD project period. 
However, a total of 105 measurements were recorded for secchi depth over the 
OSSF project period (Appendix B, Table B1). Mean values for the OSSF project 
period were 0.38, 0.52, 0.53, 0.51, and 0.50 cm at sample locations AB, BIO, 
NC, TC, and WC (Appendix B, Table B11; Figure 48). Maximum depths were 
0.6, 0.8, 1.0, 0.9, and 0.9 cm and minimum depths were 0.2, 0.2, 0.3, 0.2, and 











*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 48. Arithmetic mean of past projects and current data (March 2017 – 
February 2018) for secchi depth for five sample locations of the Attoyac Bayou 
Watershed, with Dunn’s post hoc multiple groupings. Groupings are per project 
period among sample locations. 
 
Using a Kruskal-Wallis test (α=0.05), all sample locations secchi depth 
means except for AB were significantly different between the current and OSSF 
project. A Dunn’s multiple comparisons test (α=0.05) was performed to determine 
which project periods means were significantly different at each sample location 
(Figure 48).  
The OSSF project period had greater means for all sample locations 
except AB. There are many factors that can increase or decrease the secchi 





temperatures, species introduction, pollution, and dredging (Charlotte Harbor 
Water Atlas, 2018). 
 
Specific Conductivity 
Currently, there is no TCEQ standard for specific conductivity. However, 
according to the USEPA (2012), a conductivity range between 50 and 1,500 
µmhos/cm represents the general range of conductivity of the rivers in the United 
States. None of the samples from this project fell outside of the suggested range 
for specific conductivity.  
 
Current Project – Concentrations 
 A total of 60 measurements were recorded for specific conductivity over 
the project period (Appendix B, Table B1). Mean values were 193.29, 108.72, 
123.51, 110.94, and 138.70 µS/cm at sample locations AB, BIO, NC, TC, and 
WC (Appendix B, Table B9; Figure 49 and Figure 50). Maximum concentrations 
were 298.20, 122.30, 141.60, 170.40, and 188.00 µS/cm and minimum 
concentrations were 153.50, 83.50, 105.10, 77.00, and 107.50 µS/cm at sample 
locations AB, BIO, NC, TC, and WC. McBroom (1997) reported mean specific 
conductivity values of 64.22 and 102.26 for sample locations TC and WC. 
Additionally, Pessarra (2013) reported mean specific conductivity values of 
154.08, 114.52, 136.38, 91.76, and 135.68 µS/cm for sample locations AB, BIO, 





Using a Kruskal-Wallis test (α=0.05), sample location means were 
significantly different (=<0.0001). A Dunn’s multiple comparisons test (α=0.05) 
was performed to determine which sample location means were significantly 
different (Figure 49).  
 
 
*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 49. Arithmetic mean and standard deviation with Dunn’s multiple 
comparisons grouping of specific conductivity for five sample locations of the 
Attoyac Bayou Watershed during March 2017 through February 2018. 
 
AB specific conductivity mean was significantly higher than all other 
sample locations. All other sample locations were significantly similar to at least 
one other sample locations. Even though the current projects mean specific 





(50 to 1,500 µmhos/cm) reported by the USEPA (2012) for rivers in the United 
States. They even were within or slightly below the range of freshwater streams 
supporting good mixed fisheries (150 to 500 µmhos/cm) reported by the USEPA 
(USEPA, 2012). 
 
Current Project – Correlation  
Spearman’s correlation (α=0.05) was performed to determine if 
correlations exist among water quality parameters (Appendix B, Table B12). 
Specific conductivity had a significant positive linear correlation with NH3-N         
(r 0.29, =0.0238), NO3-N (r 0.77, =<0.0001), TSS (r 0.50, =<0.0001), water 
temperature (r 0.31, =0.0132), and DO (r 0.57, =<0.0001) as well as a significant 
inverse linear correlation with E. coli (r -0.50, =<0.0001), TDS (r -0.32, =0.0119), 
and pH (-0.56, <0.0001). Some of the correlations reported are expected 
because specific conductivity increases with the increase of dissolved ions and 
water temperature (Chang, 2013). 
 
Comparison Between Past Data – Concentrations  
A total of 218 measurements were recorded for specific conductivity over 
the WPPD project period (Appendix B, Table B1). Mean values were 172.16, 
131.11, 149.05, 117.55, and 155.81 µS/cm for sample locations AB, BIO, NC, 
TC, and WC for the WPPD project period (Appendix B, Table B10; Figure 50). 





values were 91, 96, 98, 68, and 111 µS/cm for sample locations AB, BIO, NC, 
TC, and WC for the WPPD project period. All measurements fell within the 
suggested standard of 50 to 1,500 µS/cm.  
A total of 105 measurements were recorded for specific conductivity over 
the OSSF project period (Appendix B, Table B1). Mean values were 111.95, 
101.52, 111.10, 134.00, and 134.76 µS/cm for sample locations AB, BIO, NC, 
TC, and WC for the OSSF project period (Appendix B, Table B11; Figure 50). 
The maximum values were 196, 122, 154, 194, and 214 µS/cm and minimum 
values were 68, 60, 35, 82, and 99 µS/cm for sample locations AB, BIO, NC, TC, 
and WC for the OSSF project period. One out of 105 (0.95%) of the total samples 
fell below the suggested standard of 50 µS/cm, with NC at 4.76% (one out of 21 







*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 50. Arithmetic mean of past projects and current data (March 2017 – 
February 2018) for specific conductivity for five sample locations of the Attoyac 
Bayou Watershed, with Dunn’s post hoc multiple groupings. Groupings are per 
project period among sample locations. 
 
Using a Kruskal-Wallis test (α=0.05), sample location means were 
significantly different among project periods. A Dunn’s multiple comparisons test 
(α=0.05) was performed to determine which project periods means were 
significantly different at each sample location (Figure 50).  
Every sample location was significantly different from at least one project 
period. However, as previously mentioned, even though sample locations means 
were significantly different among project periods, reported values were within 





the range that represents good mixed fisheries.  
 
Dissolved Oxygen 
The TCEQ standard for dissolved oxygen (DO) is a minimum of 5.0 mg/L 
over a 24 hour average (TCEQ, 2014). DO data in this study are not 24 hour 
averages. Single measurements were measured during the morning hours 
before noon. None of the sample locations means fell below the minimum 
standard of 5.0 mg/L. However, four out of 60 (6.67%) of the total samples fell 
below the standard, with one out of 12 samples (8.33%) at AB and three out of 
12 samples (25%) at WC (Appendix B, Table B8). None of the measurements 
that fell below the standard were at critical low-flow conditions.  
 
Current Project – Concentrations  
A total of 60 measurements were recorded for DO over the project period. 
(Appendix B, Table B1). Mean values were 6.99, 8.95, 8.19, 7.88, and 12.46 
mg/L at sample locations AB, BIO, NC, TC, and WC (Appendix B, Table B9; 
Figure 51 and Figure 52). Maximum concentrations were 12.46, 13.59, 13.11, 
12.53, and 11.28 mg/L at sample locations AB, BIO, NC, TC, and WC, which all 
fell within the winter. Minimum concentrations were 4.71, 7.27, 6.36, 5.88, and 
3.75 mg/L at sample locations AB, BIO, NC, TC, and WC, which all fell within the 
summer. Additionally, McBroom (1997) reported mean DO values of 8.2 and 6.3 





7.25, 6.17, and 4.15 mg/L at sample locations AB, BIO, NC, TC, and WC. 
Using a Kruskal-Wallis test (α=0.05), sample location means were 
significantly different (=0.0018). A Dunn’s multiple comparisons test (α=0.05) was 
performed to determine which sample location means were significantly different 
(Figure 51).  
 
 
*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 51. Arithmetic mean and standard deviation with Dunn’s multiple 
comparisons grouping of dissolved oxygen for five sample locations of the 
Attoyac Bayou Watershed during March 2017 through February 2018. 
 
Sample locations BIO, NC, and TC mean DO values significantly higher 
than other sample locations except NC and TC with AB. Sample locations BIO 





discharge values. This may be a result of more turbulent flows at these two 
sample locations. Greater discharge may result in more turbulent versus laminar 
flow, thus increasing DO diffusion rates (Chang, 2013).  
 
Current project – Correlation  
Spearman’s correlation (α=0.05) was performed to determine if 
correlations exist among water quality parameters (Appendix B, Table B12). DO 
had a significant positive linear correlation with NO3-N (r 0.67, =<0.0001), TSS   
(r 0.44, =0.0004), and specific conductivity (r 0.57, =<0.0001) as well as a 
significant inverse linear correlation with TDS (r -0.30, =0.0220). As previously 
mentioned, TDS can limit the limit penetration (Anning et al., 2006), reducing 
photosynthesis and DO. 
 
Comparison Between Past Data – Concentrations  
A total of 211 DO measurements were recorded during the WPPD project 
period (Appendix B, Table B1). Means values were 6.22, 7.96, 7.27, 6.28, and 
4.43 mg/L for sample sites AB, BIO, NC, TC, and WC during the WPPD project 
period (Appendix B, Table B10; Figure 52). Maximum values were 12.5, 11.3, 
11.0, 10.8, and 10.9 mg/L and minimum values were 1.1, 3.4, 0.4, 1.6, and 0.5 
mg/L for sample sites AB, BIO, NC, TC, and WC during the WPPD project 
period. All sample locations minimum values (28.91%) were below the TCEQ 





(Appendix B, Table B8). Of these samples, 24.39% (10 out of 41 samples) at AB, 
6.98% (three out of 43 samples) at BIO and NC, 9.52% (four out of 42 samples) 
at TC, and 40.47% (17 out of 42 samples) at WC were at or below critical low-
flow conditions. This is not surprising as the watershed was experiencing a 
drought during this sample period.   
A total of 105 DO measurements were recorded during the OSSF project 
period (Appendix B, Table B1). Means values were 7.31, 8.89, 8.19, 8.03, and 
6.66 mg/L for sample sites AB, BIO, NC, TC, and WC during the OSSF project 
period (Appendix B, Table B11; Figure 52). Maximum values were 11.0, 12.0, 
11.4, 10.9, and 10.2 mg/L and minimum values were 4.2, 6.4, 6.1, 4.9, and 2.6 
mg/L for sample sites AB, BIO, NC, TC, and WC during the OSSF project period. 
Sample locations means did not fall below the TCEQ standard. However, 6.67% 
(seven out of 105) of the total samples minimum values fell below 5.0 mg/L, with 
4.76% (one out of 21 samples) at AB and TC as well as 23.8% (five out of 21 
samples) at WC (Appendix B, Table B8). Of these samples, 4.76% (five out of 
105 samples) were at or below critical low flow values, with 4.76% (one out of 21 







*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 52. Arithmetic mean of past projects and current data (March 2017 – 
February 2018) for of dissolved oxygen for five sample locations of the Attoyac 
Bayou Watershed, with Dunn’s post hoc multiple groupings. Groupings are per 
project period among sample locations. 
 
Using a Kruskal-Wallis test (α=0.05), TC and WC means were significantly 
different among project periods. A Dunn’s multiple comparisons test (α=0.05) 
was performed to determine which project periods means were significantly 
different at each sample location (Figure 52).  
TC and WC had the largest variation in mean DO values among the 
different project periods. One reason for the consistently low DO values among 
the WPPD project period may be due to the extreme drought that occurred 
during the sample period. Lower precipitation occurs during a drought and in 





at or below critical low-flow conditions. As mentioned above, laminar flow 
conditions will often result in lower DO values when compared to turbulent 
conditions (Chang, 2013). 
 
pH 
The TCEQ standard for pH is a range between 6.0 and 8.5 (TCEQ, 2014). 
A total of four out of 60 samples (6.67%) fell below the standard of 6.0, with two 
out 12 samples (16.67%) at both AB and WC (Appendix B, Table B8). However, 
none of these samples were at critical low-flow conditions. Additionally, none of 
the samples exceeded the standard of 8.5. An inverse log transformation was 
used on pH values before analysis due to pH being the negative logarithm of the 
concentration of hydrogen ions. 
 
Current Project – Concentrations  
A total of 60 measurements were recorded for pH during the project period 
(Appendix B, Table B1). Mean values were 6.41, 6.87, 6.62, 6.73, and 6.51 for 
pH at sample locations AB, BIO, NC, TC, and WC (Appendix B, Table B9; Figure 
53 and Figure 54). Maximum values were 7.07, 7.20, 7.04, 7.15, and 7.09 for pH, 
and minimum values were 5.52, 6.32, 6.07, 6.04, and 5.87 at sample locations 
AB, BIO, NC, TC, and WC. Additionally, McBroom (1997) reported mean pH 
values of 6.08 and 6.26 for sample locations TC and WC. Pessarra (2013) 





AB, BIO, NC, TC, and WC.  
Using a Kruskal-Wallis test (α=0.05), sample location means were not 
significantly different (=0.9306) (Figure 53). 
 
 
*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 53. Arithmetic mean and standard deviation with Dunn’s multiple 
comparisons grouping of pH for five sample locations of the Attoyac Bayou 
Watershed during March 2017 through February 2018. 
 
Current Project – Correlation  
Spearman’s correlation (α=0.05) was performed to determine if 
correlations exist among water quality parameters (Appendix B, Table B12). 





=0.0084) as well as a significant inverse linear correlation with chloride (r -0.45, 
=0.0003), NO3-N (r -0.50, =<0.0001), TSS (r 0.56, =<0.0001), specific 
conductivity (r -0.56, =<0.0001), and discharge (r -0.44, =0.0005). As previously 
mentioned, E. coli is acid tolerant, with a pH growth range between 4.4 and 9.0 
(ICMSF, 1996). However, their optimum growth range is between 6.0 and 7.0 
(ICMSF, 1996). In this study, as pH increased, so did E. coli concentration. 
 
Comparison Between Past Data – Concentrations  
A total of 218 pH measurements were recorded during the WPPD project 
period (Appendix B, Table B1).  Means values were 7.62, 7.75, 7.66, 6.61, and 
7.43 for sample sites AB, BIO, NC, TC, and WC during the WPPD project period 
(Appendix B, Table B10; Figure 54). Maximum values were 8.50, 9.20, 8.50, 
8.70, and 8.50 and minimum values were 7.00, 7.20, 7.20, 5.00, and 6.70 for 
sample sites AB, BIO, NC, TC, and WC during the WPPD project period. Out of 
the total samples, 16 out of 218 (7.34%) were reported above the suggested pH 
range, with BIO at 25% (11 out of 44 samples) and TC at 9.09% (four out of 44 
samples) throughout the WPPD project period. Additionally, TC fell below the pH 
range standard at 2.27% (one out of 44 samples) throughout the WPPD project 
period (Appendix B, Table B8). Of these exceedances, 2.7% (one out of 44 
samples) was at critical low-flow conditions for BIO and 4.65% (two out of 44 
samples) for TC. 





period (Appendix B, Table B1). Means values were 6.08, 6.70, 6.33, 6.55, and 
6.35 for sample sites AB, BIO, NC, TC, and WC during the OSSF project period 
(Appendix B, Table B11; Figure 54). Maximum values were 7.20, 7.30, 7.50, 
6.90, and 6.90 and minimum values were 5.00, 6.10, 5.20, 5.70, and 5.60 for 
sample sites AB, BIO, NC, TC, and WC during the OSSF project period. Out of 
the total samples, five out of 108 (4.76%) fell below the suggested range, with AB 
at 9.52% (two out of 21 samples) and NC, TC, and WC at 4.76% (one out of 21 
sample) throughout the OSSF project period (Appendix B, Table B8). None of the 
samples that fell outside the suggested pH range were at or below critical low-









*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 54. Arithmetic mean of past projects and current data (March 2017 – 
February 2018) for pH for five sample locations of the Attoyac Bayou Watershed, 
with Dunn’s post hoc multiple groupings. Groupings are per project period among 
sample locations. 
 
Using a Kruskal-Wallis test (α=0.05), sample location means were 
significantly different (=<0.0001) among project periods. A Dunn’s multiple 
comparisons test (α=0.05) was performed to determine which project periods 
means were significantly different at each sample location (Figure 54).  
The current and OSSF project pH mean values were not significantly 
different for all sample locations. However, the WPPD project period had higher 
mean pH values at all sample locations. Again, it is important to note that there 





Kalisek (2018), under drought conditions and when streams are contain more 
nutrients, pH variability is higher. This is consistent when comparing the current, 
WPPD, and OSSF project periods. For the WPPD project, pH was more variable 
with higher NH3-N and TP concentrations when compared to the current and 
OSSF project periods.  
 
Water Temperature 
The TCEQ standard for water temperature is a maximum temperature of 
32°C (TCEQ, 2014). None of the samples exceeded the TCEQ standard. 
However, it is important to note that measurements were recorded in the morning 
hours before noon, so they do not necessarily reflect potential daily maximum 
temperatures.  
 
Current Project – Measurements  
A total of 60 measurements were recorded for water temperature 
throughout the project period (Appendix B, Table B1). Mean values were 17.96, 
17.81, 18.33, 17.86, and 17.57°C at sample locations AB, BIO, NC, TC, and WC 
(Appendix B, Table B9; Figure 55 and Figure 56). Maximum values were 27.05, 
25.17, 26.87, 26.24, and 25.66°C at sample locations AB, BIO, NC, TC, and WC 
and all fell within the summer. Minimum values were 2.31, 2.54, 2.59, 2.44, and 
2.56°C at sample locations AB, BIO, NC, TC, and WC and all fell within the 





23.5 and 23.9°C for sample locations TC and WC. Pessarra (2013) reported 
mean water temperature values of 17.50, 17.26, 17.27, 17.68, and 17.97°C for 
sample locations AB, BIO, NC, TC, and WC. 
Using a Kruskal-Wallis test (α=0.05), sample location means were not 
significantly different (=0.9820) (Figure 55). 
 
 
*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 55. Arithmetic mean and standard deviation with Dunn’s multiple 
comparisons grouping of water temperature for five sample locations of the 
Attoyac Bayou Watershed during March 2017 through February 2018. 
 
Current Project – Correlation  
Spearman’s correlation (α=0.05) was performed to determine if 
correlations exist among water quality parameters (Appendix B, Table B12). 





(r 0.30, =0.0178) and specific conductivity (r 0.32, =0.0132). As previously 
mentioned, specific conductivity increases with the increase of dissolved ions 
and water temperature (Chang, 2013). 
 
Comparison Between Past Data – Measurements  
A total of 217 water temperature measurements were recorded during the 
WPPD project period (Appendix B, Table B1). Means values were 17.42, 16.81, 
16.94, 16.99, and 17.49°C for sample sites AB, BIO, NC, TC, and WC during the 
WPPD project period (Appendix B, Table B10; Figure 56). Maximum values were 
28.0, 29.4, 27.8, 27.7, and 29.1°C and minimum values were 5.3, 5.2, 5.3, 5.9, 
and 6.0°C for sample sites AB, BIO, NC, TC, and WC during the WPPD project 
period. All sample location means and maximum values were below the TCEQ 
standard of a maximum water temperature of 32°C. However, the time that 
measurements were recorded is not known for this project period, so it is 
important to note that they may not represent potential daily maximum 
temperatures. 
A total of 98 water temperature measurements were recorded during the 
OSSF project period (Appendix B, Table B1). Mean values were 16.60, 17.35, 
18.19, 17.29, and 16.98°C for sample sites AB, BIO, NC, TC, and WC during the 
OSSF project period (Appendix B, Table B11 Figure 56). Maximum values were 
26.6, 26.5, 26.8, 26.9, and 26.2°C and minimum values were 7.2, 8.1, 8.2, 8.2, 





period. All sample location values mean and maximum values were below the 
TCEQ standard of a maximum water temperature of 32°C. However, the time 
that measurements were recorded is not known for this project period, so it is 
important to note that they may not represent potential maximum temperatures. 
Using a Kruskal-Wallis test (α=0.05), sample location means were not 
significantly different among project periods (Figure 56).  
 
 
*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 56. Arithmetic mean of past data project periods and current data (March 
2017 – February 2018) of water temperature for five sample locations of the 
Attoyac Bayou Watershed, with Dunn’s post hoc multiple groupings. Groupings 







Critical low-flow values were calculated for each sample location and are 
28.3, 11.3, 11.3, 17.0, and 5.7 L/s for sample locations AB, BIO, NC, TC, and 
WC (Table 8). During critical low-flow conditions, standards for dissolved oxygen, 
pH, temperature, and numerical chronic criteria for toxic materials do not apply 
(TCEQ, 2014). One out of 60 (1.67%) of the total samples were at or below 
critical low-flow conditions, occurring at TC with one out of 12 samples (8.33%) 
(Appendix B, Table B8). 
 
Current Project – Measurements  
A total of 60 measurements were recorded for stream discharge 
throughout the project period (Appendix B, Table B1). Mean values were 282.97, 
898.41, 603.14, 41.84, and 80.28 L/s at sample locations AB, BIO, NC, TC, and 
WC (Appendix B, Table B9; Figure 57 and Figure 63). Maximum values were 
790.41, 1,379.21, 963.26, 143.67, and 170.26 L/s and minimum values were 
31.43, 555.41, 225.26, 4.82, and 10.92 L/s at sample locations AB, BIO, NC, TC, 
and WC. McBroom (1997) reported mean stream discharge values of 236 and 
226 L/s for sample locations TC and WC. Additionally, Pessarra (2013) reported 
mean stream discharge values of 54.26, 317.95, 140.20, 54.26, and 0.83 L/s for 
sample locations AB, BIO, NC, TC, and WC. 
Using a Kruskal-Wallis test (α=0.05), mean stream discharge values were 





was performed to determine which sample locations were significantly different 
(Figure 57).  
 
 
*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 57. Arithmetic mean and standard deviation of stream discharge for five 
sample locations of the Attoyac Bayou Watershed during March 2017 through 
February 2018. 
 
BIO was significantly higher than all sample locations except NC. NC was 
not significantly different from AB. There was large variation in discharge among 
sample locations which contributes to the degree of significance among sample 
locations. 
Annual stream discharge per unit area was calculated in the units of cm 
and L/ha (Table 9). Discharge in cm was calculated by the following equation: 






Q = Discharge (Assumed to be representative of 30 day period [cfs]) 
T = Time (30 day iterations [s]) 
A = Area of contributing watershed (ft2) 
K = Conversion factor 
Discharge in L/s was calculated by the same equation except with discharge in 
the units of L/s and area in ha. 
Values for annual stream discharge per unit area in the unit of cm were 
2.61, 13.58, 8.01, 2.89, and 5.40 for subwatersheds AB, BIO, NC, TC, and WC. 
Values for annual stream discharge per unit area in the unit of L/ha were 
261,193.25, 1,357,998.98, 801,026.75, 288,618.09, and 540,106.66 for 
subwatersheds AB, BIO, NC, TC, and WC. Additionally, Pessarra (2013) 
reported annual stream discharge per unit area of 98,819.32, 193,961.15, 
77,972, 37,743.56, and 36,478.12 L/ha for subwatersheds AB, BIO, NC, TC, and 
WC.  
Using a Kruskal-Wallis test (α=0.05), annual stream discharge per unit 
area, both in cm and L/ha, were significantly different (=<0.0001). A Dunn’s 
multiple comparisons test (α=0.05) was performed to determine which 








Table 9. Annual discharge per unit area for five subwatersheds within the 




*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 58. Annual discharge per unit area (cm) for five sample locations of the 
Attoyac Bayou Watershed during March 2017 through February 2018. 
 
Subwatershed I.D. Area (ha) Annual Discharge (L)
Discharge per unit 
area (L/ha)
Discharge per unit 
area (cm)
AB 33,697.20 8,801,481,031.37 261,193.25 2.61
BIO 20,577.40 27,944,088,229.12 1,357,998.98 13.58
NC 23,420.20 18,760,206,686.10 801,026.75 8.01
TC 4,508.98 1,301,373,185.95 288,618.09 2.89






*Mean values with the same letters are not significantly different at α=0.05. 
 
Figure 59. Annual discharge per unit area (L/ha) for five sample locations of the 
Attoyac Bayou Watershed during March 2017 through February 2018. 
 
Results were similar to stream discharge mean values with the exception 
of AB, TC, and WC not being significantly different and NC not being significantly 
different with WC and not with AB. Additionally, sample locations BIO, NC, and 
WC had the highest stream discharge per unit area as well as the highest E. coli, 
nutrient, and sediment mass loading. Pessarra (2013) reported similar results. 
Additionally, Pessarra (2013) noted that the subwatersheds BIO and NC have 
similar geology as well as similar slope (Figure 60 and Figure 61). The geologic 
formations that account for highest percent cover of the subwatersheds, as well 





area are Carrizo Sand and Wilcox Group undivided (Table 10; Figure 60). The 
geologic formation that accounts for the largest percent cover of BIO and NC is 
the Carrizo Sand formation. Hydraulic properties of the geologic formations that 
underlie up the Attoyac Bayou Watershed are displayed in Table 11. These 
properties can influence the rate of erosion and result in increased sediment 
loads in streams. For instance, the Carrizo Sand formation has a higher hydraulic 
conductivity, also known as the permeability coefficient, than the Wilcox Group 
undivided. This means that water can more easily infiltrate and percolate through 
the Carrizo Sand formation and because the triaxial value is also lower than the 
Wilcox Group, erosion may occur at greater rates. This may allow for higher 
stream discharge as well as mass loading, especially sediment loading. This is a 
concern because of the ability of E. coli to attach to sediment.  
When E. coli is present in water bodies, it has been reported that E. coli 
prefers to attach to sediment particles rather than existing in the planktonic state. 
This is probably due to the hydrophobic nature of E. coli (Henry, 2004). In a study 
done by Henry (2004), it was reported that 78% of E. coli found within laboratory 
samples was attached to sediments versus being in the planktonic state. 
Additionally, Desmarais et al. (2002) conducted a study in which fecal bacteria 
located within stream water was added to sterile sediments. It was reported that 
when the amount of sediment increased so did the E. coli concentration. 
Furthermore, in a study conducted by Sherer et al. (1992), it was reported that E. 





size, UV light, predation, and supply of organic matter. 
 
Figure 60. Geologic formations underlying five subwatersheds and the Attoyac 













Table 10. Percent cover of geologic formations of five subwatersheds and the 
Attoyac Bayou Watershed in East Texas.  
 
 
Table 11. Hydraulic properties of geologic formations that underlie up the Attoyac 
Bayou Watershed.  
 
 
Cumulative total stream discharge was also calculated (Figure 62). 
Cumulative total stream discharge in order of highest to lowest were BIO, NC, 
AB, WC, and TC. For majority of the subwatersheds, the largest increase in total 
discharge was during winter. AB had the largest increase in total stream 




Watershed Big Iron Ore Naconiche Waffelow Terrapin Attoyac Bayou
Wilcox Group undivided 31% 38% 17% 2% 2% 50%
Carrizo Sand 28% 48% 63% 27% 48% 12%
Alluvium 13% 8% 8% 10% 10% 13%
Reklaw Formation 10% 4% 10% 45% 27% 12%
Weches Formation 4% 1% 2% 5% 3%
Sparta Sand 3% 3% 1%
Queen City Sand 3% 1% 15% 5% 9%
Fluviatile Terrace Deposits 2% 1%
Cook Mountain Formation 2%
















Wilcox Group undivided 31 6,498 31 3.6 - 5.8
Carrizo Sand 28 3,415 75 3.5 - 4.2
Alluvium 13
Reklaw Formation 10 3.6 - 5.5
Weches Formation 4 4.5 - 5.8
Sparta Sand 3 3.6 - 4.3
Queen City Sand 3
Fluviatile Terrace Deposits 2
Cook Mountain Formation 2
Average transmissivity and average hydraulic conductivity values source: (Thorkildsen and Price, 1991)





There are many factors that effect stream discharge such as climate, 
topography, and land-use (Chang, 2013). Climate is a major factor due to inputs 
by precipitation and factors effecting evapotranspiration such as lower humidity, 
higher air temperature, solar radiation, and wind speed (Chang, 2013). The 
largest amount of rainfall during this study period occurred in summer followed by 
spring, winter, and then fall. When precipitation falls within a watershed, it either 
directly enters water bodies, enters water bodies through runoff, infiltrates then 
percolates through the soil eventually contributing to water recharge of aquifers 
or lateral subsurface flow, or leaves the watershed through evapotranspiration.  
Topographic characteristics, such as slope, elevation, and size, also effects 
stream discharge. For instance, watersheds with high elevations may produce 
more runoff due to the steeper slopes along with higher precipitation due to lower 
air temperatures and less evapotranspiration (Chang, 2013). Subwatersheds BIO 
and NC had the largest annual stream discharge as well as higher slopes than 






Figure 62. Cumulative total stream discharge for five subwatersheds within the 
Attoyac Bayou Watershed during March 2017 through February 2018. 
 
Current Project – Correlation  
Spearman’s correlation (α=0.05) was performed to determine if 
correlations exist among water quality parameters (Appendix B, Table B12). 
Stream discharge had a significant positive linear correlation with NO3-N (r 0.41, 
=0.0013), TSS (r 0.35, =0.0049), specific conductivity (0.47, =0.0001), and secchi 
depth (r 0.40, =0.0015) as well as a significant inverse linear correlation with E. 
coli (r -0.44, =0.0004) and pH (r -0.44, =0.0005). 
As previously mentioned, NO3-N is often correlated with non-point source 
pollution such as fertilizer use (USGS, 1999). Since this nutrient is commonly in 
fertilizers that are applied to land, NO3-N can enter the streams through sediment 





sediment entering streams also increases. Cochran (1996) also reported that 
discharge is correlated to TSS (r 0.61 to 0.71). The addition of sediment may 
also increase the amount of dissolved ions, therefore increasing the specific 
conductivity. Finally, it has been reported that a drought has the capability of 
increasing E. coli concentrations due to the low volume of water (Jackson et al., 
2011). 
 
Comparison Between Past Data – Measurements  
A total of 190 stream discharge measurements were recorded during the 
WPPD project period (Appendix B, Table B1). Mean values for the WPPD project 
period were 100.92, 430.89, 246.02, 63.34, and 10.97 L/s for sample sites AB, 
BIO, NC, TC, and WC (Appendix B, Table B10 and Figure 63). Maximum values 
were 1,245.94, 2,491.88, 1,585.74, 566.34, and 107.60 L/s for sample sites AB, 
BIO, NC, TC, and WC. Minimum values were for all sample locations were 0 L/s. 
Of the total samples, 59 out of 190 (31.05%) were at or below the critical low-flow 
values for each sample location, with 43.59% (17 out of 39 samples) at AB, 
13.64% (six out of 44 samples) at BIO, 13.33% (six out of 45 samples) at NC, 
26.67% (eight out of 30 samples) at TC, and 68.75% (22 out of 32 samples) at 
WC (Appendix B, Table B8). 
 A total of 105 stream discharge measurements were recorded during the 
OSSF project period (Appendix B, Table B1). Mean values for the OSSF project 





sites AB, BIO, NC, TC, and WC (Appendix B, Table B11; Figure 63). Maximum 
values were 26,079.82, 37,972.89, 24,579.02, 3,567.92, and 6,994.26 L/s for 
sample sites AB, BIO, NC, TC, and WC. Minimum values were 28.32, 206.71, 
99.11, 0, and 0 L/s for sample locations AB, BIO, NC, TC, and WC. Of the total 
samples, nine out of 105 (8.57%) were at or below the critical low-flow values for 
each sample location, with 19.05% (four out of 21 samples) at TC and 23.81% 
(five out of 21 samples) at WC (Appendix B, Table B8). 
Using a Kruskal-Wallis test (α=0.05), all sample locations stream 
discharge means were significantly different among project periods. A Dunn’s 
multiple comparisons test (α=0.05) was performed to determine which project 








*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 63. Arithmetic mean of past project periods and current data (March 2017 
– February 2018) for stream discharge for five sample locations of the Attoyac 
Bayou Watershed, with Dunn’s post hoc multiple groupings. Groupings are per 
project period among sample locations. 
 
For all sample locations except TC, the current and OSSF project were 
not significantly different, but the current period was significantly different from 
the WPPD project period. Many factors may account for these results, such as 
the drought during the WPPD project period.  
Total discharge per unit area was also calculated for the WPPD and 
OSSF project period in the units of cm and L/ha (Table 12; Figure 65 and Figure 





discharge per unit area, both in cm and L/ha, were significantly different among 
project periods. A Dunn’s multiple comparisons test (α=0.05) was performed to 
determine which project periods means were significantly different at each 
subwatershed (Figure 65).  
These results were similar to the results of stream discharge mean values 
with the exception of TC. For TC, the current project was not significantly 
different from the OSSF and WPPD project periods, but the OSSF and WPPD 
project periods were significantly different among themselves. The OSSF and 
WPPD project periods were the periods that had the most variation between 
climatic conditions. According to the National Oceanic and Atmospheric 
Administration’s (NOAA) Palmer Hydrological Drought Index, the WPPD project 
period experienced moderate to extreme drought, OSSF project experienced 
mid-range to extremely moist, and current project experienced moderate drought 













Table 12. Stream discharge per unit area for five subwatersheds within the 
Attoyac Bayou Watershed during the WPPD and OSSF project period.   
 
 
*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 64. Total stream discharge per unit area (cm) among different project 
periods for five subwatersheds within the Attoyac Bayou Watershed in East 
Texas, with Dunn’s post hoc multiple groupings. Groupings are per project period 
among subwatersheds. 
Project* Subwatershed
Area                          
(ha)
Total Dishcarge                                                            
(L)




WPPD AB 33,697.20 4,761,036,080.24 141,288.77 1.51
BIO 20,577.40 22,933,123,001.16 1,114,481.08 11.94
NC 23,420.20 13,391,287,403.15 571,783.65 6.13
TC 4,508.98 2,298,313,100.60 509,719.07 5.46
WC 4,623.06 424,725,520.83 91,871.08 0.98
OSSF AB 33,697.20 370,971,808,741.12 11,008,980.23 110.09
BIO 20,577.40 234,526,288,599.91 11,397,275.10 113.97
NC 23,420.20 250,673,687,433.19 10,703,311.13 107.03
TC 4,508.98 24,000,906,447.65 5,322,912.60 53.23
WC 4,623.06 33,505,852,579.06 7,247,548.72 72.48
*Attoyac Watershed Protection Plan Development (WPPD) and Attoyac Bayou On-Site Sewage Facility






*Project period mean values among sample locations with the same letters are 
not significantly different at α=0.05. 
 
Figure 65. Total stream discharge per unit area (L/s) among different project 
periods for five subwatersheds within the Attoyac Bayou Watershed in East 





 Total precipitation for each month during the current project as well as the 
average precipitation from previous project periods, WPPD (July 2010 through 
May 2012) and OSSF (October 2014 through May 2016), are displayed in Table 
13. Precipitation data for all project periods were collected by the SFASU WET 





Avenue and Wilson Drive in Nacogdoches, Texas. However, for August 2017, 
precipitation data from the National Oceanic and Atmospheric Administration 
(NOAA) for Nacogdoches County, Texas was used. This is because data from 
the SFASU Weather Center for August 2017 recorded 0 cm of precipitation. 
Equipment may have been not properly working during this period. During 
August 2017, a large amount of rainfall due to tropical storms caused by 
Hurricane Harvey occurred frequently.  
 Total amount of rainfall during the project period was 96.27 cm, which is 
27.3 cm less than the 1981-2010 long-term average of 123.57 cm (NRCS, 2010). 
It was previously noted that rainfall is generally well distributed throughout the 
year in the region, with the least amount occurring in July and August (Chang, 
1996) and the most amount occurring in April and May (McBroom, 1997). 
However, during the project period, the most amount of rainfall (29.18%) 
occurred during August due to Hurricane Harvey. The second (22.34%) and third 
(12.22%) most rainfall throughout the year did, however, occur in May and April. 
Additionally, during the project period, September was the driest (0 cm rainfall) 
month instead of July.  
Using a Kruskal-Wallis test (α=0.05), precipitation was not significantly 
different (0.0922) among seasons for the current project. When comparing past 
project periods to the current project using a Kruskal-Wallis test (α=0.05), 
precipitation was not significantly different among seasons. However, when 





Kruskal-Wallis test (α=0.05), precipitation was significantly (=0.0164) different. A 
Dunn’s multiple comparisons test (α=0.05) determined that the current and 
WPPD project periods were significantly (=0.00496) different in regards to overall 
precipitation. This is not surprising when considering the extreme drought that 
















Table 13. Total precipitation for each month during the current and average precipitation for past project periods. 




Month 2010 - 2012* 2014 - 2016** Difference 2010 - 2012* 2017 - 2018*** Difference 2014 - 2016** 2017 - 2018*** Difference
January 3.12 4.30 -1.19 3.12 3.99 -0.87 4.30 3.99 0.31
February 1.56 1.67 -0.11 1.56 3.30 -1.74 1.67 3.30 -1.64
March 1.46 7.10 -5.64 1.46 3.73 -2.27 7.10 3.73 3.37
April 1.20 6.60 -5.41 1.20 11.76 -10.57 6.60 11.76 -5.16
May 1.23 5.70 -4.47 1.23 21.51 -20.29 5.70 21.51 -15.82
June 3.21 7.54 -4.33 3.21 8.18 -4.97 7.54 8.18 -0.64
July 1.32 0.44 0.88 1.32 5.66 -4.35 0.44 5.66 -5.22
August**** 0.28 1.16 -0.88 0.28 28.09 -27.81 1.16 28.09 -26.93
September 2.56 0.45 2.11 2.56 0.00 2.56 0.45 0.00 0.45
October 2.59 2.90 -0.31 2.59 0.94 1.65 2.90 0.94 1.96
November 2.88 6.89 -4.02 2.88 4.17 -1.29 6.89 4.17 2.72
December 1.51 3.69 -2.19 1.51 4.93 -3.42 3.69 4.93 -1.24
Total 22.89 48.43 -25.54 22.89 96.27 -73.38 48.43 96.27 -47.84
*Dates between July 2010 through May 2012
**Dates between October 2014 through May 2016
***Dates between March 2017 through February 2018





Current Project – Seasonal Concentrations  
Average seasonal concentrations of water quality parameters for each 
sample location are displayed for current data in Appendix B, Table B14 and for 
past data in Appendix B, Table B15 and Table B16. A Kuskal-Wallis test (α=0.05) 
was conducted to see if water quality parameters differed among seasons for 
each sample location as well as sample locations combined. If water quality 
parameters at each sample location or sample locations combined had 
significant difference (α=0.05), a Dunn’s multiple comparisons test was 
performed to determine which season was significantly (α=0.05) different.  
NH3-N was significantly different among seasons for sample locations 
combined and AB when ran individually. For sample locations combined, NH3-N 
was significantly different between fall and summer as well as spring and 
summer. For AB, NH3-N was significantly higher during summer than any other 
season. All values for the summer were above the minimum detection limit. This 
was not reported any other time during the year at AB. E. coli were significantly 
different for sample locations combined but not when sample locations were 
evaluated individually. Sample locations combined for E. coli were significantly 
higher for spring than fall and winter higher than fall. NO3-N was significantly 
different only for BIO, in which winter was significantly higher than summer. 
Sulfate was significantly different for sample locations combined but not when 
sample locations were ran individually. For sample locations combined, fall was 





summer. TDS were significantly different for sample locations combined and for 
AB. For sample locations combined, TDS fall values were significantly lower than 
spring, winter lower than spring, and summer higher than winter. For AB, TDS 
were significantly higher in the summer than fall and summer higher than winter. 
TSS were significantly different for sample locations combined and for AB, NC, 
and TC. For sample locations combined, TSS spring values were significantly 
higher in fall than winter. For AB and NC, winter was significantly lower than both 
spring and summer. For TC, spring was significantly higher than fall. Finally, 
chloride and TP both were not significantly different for sample locations 
combined and sample locations individually.  
Water temperature was significantly different among seasons for each 
sample location and sample locations combined. For sample locations combined, 
only spring and fall were not significantly different. For sample locations 
individually, summer water temperature values were significantly higher than 
winter. This is consistent with what McBroom (1997) reported. Values of pH were 
significantly different among seasons for sample locations combined and for AB 
when ran individually. For sample locations combined, winter was significantly 
higher than fall, spring higher than summer, and winter higher than summer. For 
AB, summer pH values were significantly higher than winter. This was opposite 
of what McBroom (1997) reported. DO was significantly different for sample 
locations combined as well as BIO and NC when evaluated individually. For 





For BIO and NC, winter DO values were significantly higher than summer. This 
was also consistent with what McBroom (1997) reported. Specific conductivity 
and discharge were not significantly different for sample locations combined and 
sample locations individually. Secchi depth was significantly different for sample 
locations combined as well as AB, BIO, and TC when ran individually. For 
sample locations combined, secchi depth was not significantly different for winter 
and fall as well as spring and summer. AB, BIO, and TC secchi depth values 
were significantly higher in winter than spring. Additionally, AB had significantly 
greater secchi depth values in the fall than spring, BIO had significantly greater 
secchi depth values in the winter than fall, and TC had significantly greater 
secchi depth values in the summer than spring. 
E. coli, nutrient, and sediment parameters generally did not follow a 
seasonal pattern in which parameters were consistently higher or lower in some 
part of the year for all sample locations. However, majority (32.5%) of sample 
locations nutrient seasonal averages were highest in the summer and lower 
(22.5%) in the fall, highest for E. coli (60%) in the winter and lowest (60%) in the 
fall, and highest for sediment (60%) in the spring and lowest (40%) in both the 
winter and fall. Summer produced warmer water temperatures for all sample 
locations as well as lower DO values. No seasonal difference were reported 
between specific conductivity and discharge for sample locations or sample 
locations combined. Secchi depth was disproportional among sample locations 





Current Project – Seasonal Mass Loading 
Seasonal mass loading for the current project period is displayed in 
Appendix B, Table B17 and for past data in Appendix B, Table B18 and Table 
B19. A Kuskal-Wallis test (α=0.05) was conducted to see if E. coli, nutrient, and 
sediment mass loading differed among seasons for each subwatershed as well 
as subwatersheds combined. If mass loading at each subwatershed or 
subwatersheds combined had significant difference (α=0.05), a Dunn’s multiple 
comparisons test was performed to determine which season was significantly 
(α=0.05) different. 
 For subwatersheds combined, only sulfate mass loading was significantly 
different among seasons. For sulfate mass loading, fall was significantly lower 
than the spring. For subwatersheds individually, only BIO for E. coli was 
significantly different among seasons. For BIO E. coli mass loading, winter was 
significantly less than fall and spring as well as summer was significantly greater 
than spring. No other parameter mass loading was significantly different for 
subwatersheds among seasons. 
 E. coli, nutrient, and sediment mass loading generally did not have 
significant difference when combined. Only E. coli mass loading for BIO had 
significant difference among seasons. For BIO, E. coli was generally higher in the 
warmer months. Mass loading among seasons for all sample locations generally 
had higher nutrients in the spring and summer, with less in the fall. Mass loading 





and spring, with less in the fall. Mass loading among seasons for all sample 
locations generally had higher sediment in the spring, with less in the winter.  
 
Regression Analysis 
 Using the statistical software, SAS, a regression analysis was performed 
on concentrations and mass loading of water quality parameters for each sample 
location as well as sample locations combined. Three different types of 
regression were performed using stream discharge as the independent variable 
and then using TSS as the independent variable. Regression types performed 
were linear, exponential (log of dependent variable), and power (log of 
dependent and independent variable). Appendix B, Table B20 through Table B40 
displays the results for each regression type performed with the independent 
variables of stream discharge and TSS for sample locations individually and 
combined for concentration and mass loading data. Only significant (α=0.05) 
prediction equations are displayed along with the regression type in which the 
model explained the greatest variance in the dependent variable.  
 
Regression with Stream Discharge 
 Regression models developed for concentration data with stream 
discharge as the independent variable, generally explained little variation 
displayed by the dependent variables. Of the regression types used, the 





variables. Sample locations combined found significant equations for more 
parameters than sample locations individually. The highest coefficient of 
determination (r2) for sample locations combined was for TSS (r2 0.21), and the 
least was for chloride (r2 0.08). For sample locations individually, there were no 
significant equations for BIO and NC. These were also the two locations with the 
highest mean stream discharge. For AB, the highest coefficient of determination 
(r2) was for TSS (r2 0.47), sulfate (r2 0.54) for TC, and secchi depth (r2 0.55) for 
WC. 
 Regression models developed for mass loading with stream discharge as 
the independent variable resulted in more significant prediction equations as well 
as higher coefficient of determinations (r2) when compared to concentration data. 
McBroom (1997) reported similar results. Of the regression types used, the 
power regression explains the most variation displayed by the dependent 
variables. For sample locations combined and sample locations individually, 
significant equations were for all parameters except for TSS for BIO and NH3-N 
for NC. The highest coefficient of determination (r2) for sample locations 
combined was for chloride (r2 0.75), and the least was for E. coli (r2 0.43). For 
sample locations individually, the highest coefficient of determination (r2) was for 
TSS (r2 0.93) for AB, TDS (r2 0.86) for BIO, TDS (r2 0.93) for NC, chloride (r2 







Regression with Total Suspended Solids 
Regression models developed for concentration data with TSS as the 
independent variable, generally explained little variation in the dependent 
variables. Of the regression types used, no regression type consistently 
explained the most variation in the dependent variables. AB produced more 
significant equations than other sample locations and sample locations 
combined. This is opposite of what was reported with regression models 
developed for concentration data with stream discharge as the independent 
variable. The highest coefficient of determination (r2) for sample locations 
combined was for discharge (r2 0.21), and the least was for secchi depth (r2 
0.10). For sample locations individually, equations for WC were not significant for 
any regression type. For AB, the highest coefficient of determination (r2) was for 
secchi depth (r2 0.72), TP (r2 0.40) for BIO, DO (r2 0.56) for NC, and discharge (r2 
0.36) for TC. 
Regression models developed for mass loading with TSS as the 
independent variable had more significant prediction equations as well as higher 
coefficient of determinations (r2) when compared to concentration data. McBroom 
(1997) reported similar results. Of the regression types used, the power 
regression explains the most variation displayed by the dependent variables. BIO 
and NC were the only locations that did not produce significant equations for all 
parameters. The highest coefficient of determination (r2) for sample locations 





sample locations individually, the highest coefficient of determination (r2) was for 
TDS (r2 0.94) for AB, TP (r2 0.71) for BIO, TP (r2 0.54) for NC, discharge (r2 0.96) 
for TC, and NO3-N (r2 0.78) for WC. 
 
Evaluation of Best Management Practices 
 The Attoyac Bayou Water Protection Plan states that BMPs are to be 
evaluated by comparing collected data to a moving seven-year E. coli geometric 
mean as well as comparing collected data to water quality targets (Table 14) 
(Gregory et al., 2014). BMPs will be adjusted appropriately if significant 
improvements in bacteriological water quality are not documented. 
 
Table 14. E. coli concentration targets for sites on the Attoyac Bayou after best 
management practices implementation (Gregory et al., 2014). 
 
 
Moving Seven-Year Geometric Mean Comparison 
 A moving seven-year geometric mean was not available for comparison 
due to lack of data. However, a four-year average over two different projects, 
WPPD and OSSF, are available for comparison (Table 15). BIO was the only 
sample location that has improved in regards to mean E. coli concentrations. The 
current project period was significantly lower than the WPPD but was not 
Implementation Year Attoyac Bayou at SH 21 Attoyac Bayou at SH 7 Attoyac Bayou at US 59
2012 303(d) List 236 234 288
2018 195 194 230
2021 154 153 171
2024 113 113 113





significantly different from the OSSF project period (Figure 9). This is significant, 
especially when considering that BIO has been among the sample locations with 
the highest E. coli concentrations and mass loading in past projects (Pessarra, 
2013; Sims and Poling, 2016). WC was the only sample location that had 
significant increases in mean E. coli concentrations (Figure 9). AB, NC, and TC 
did not significantly increase or decrease in E. coli concentrations over the 
project periods.  
Bacteroidales PCR BST results from year 2010 through 2012 indicated 
bacteria sources from ruminant animals in 39, 52, 57, 48, and 30% of samples, 
hogs in 26, 30, 39, 22 and 22% of samples, humans in 4, 4, 0, 17, and 0%, 
general in 100, 100, 96, 96, and 96% of samples, and horses in 0% of samples 
at locations AB, BIO, NC, TC, and WC (Gregory et al., 2014). Because these 
results are frequency based and not load based, another method needs to be 
used to predict how much E. coli is potentially from each source.  
The SELECT model predicted highest E. coli loads from OSSFs at AB, 
NC, and TC, with the highest predicted load from deer at BIO and WC (Table 16) 
(Borel, 2012). It is also important to note that based on BST human sources were 
less frequent than wildlife, and the general category may have contained human 
biomarkers. The cut off to determine if DNA was from a certain source was 80% 
(Martin and Gentry, 2014). The general category represents biomarkers that are 
associated with fecal matter found from many different sources (Di Giovanni et 





human sources consists of E. coli that was majority extracted from WTTFs (Di 
Giovanni et al., 2013). The concerns regarding bacterial pollution from human 
sources is from failing or non-existent septic tanks, not WTTFs. Because there 
may be a difference in E. coli DNA and biomarkers from septic systems versus 
sewage, human sources may have occurred at a higher frequency than 
previously reported. Based on these results, limitations of the BST method, and 
the cost versus expected bacteria reduction, it is suggested that additional BMPs 
and educational awareness be conducted for OSSFs and wildlife in all 
subwatersheds to potentially reduce bacteria. 
 
Table 15. Comparison of three project periods geometric E. coli means within the 
Attoyac Bayou Watershed in East Texas. 
 
 
WPPD* OSSF* Average Past Current
Site I.D. (July 2010 - May 2012) (October 2014 - May 2016) (WPPD and OSSF) (March 2017 - February 2018)
AB 237 281 250 346
BIO 430 326 399 264
NC 183 183 183 217
TC 174 331 213 263
WC 106 280 145 360









Table 16. Range of predicted E. coli loads (CFU/day) for five each subwatersheds within the Attoyac Bayou 
Watershed in East Texas using the SELECT model (Borel, 2012).  
Source Low High Low High Low High Low High Low High
Cattle 4.28E+12 9.57E+12 7.37E+11 4.27E+12 2.51E+12 6.05E+12 2.51E+12 4.27E+12 2.51E+12 4.27E+12
Horses 4.34E+09 9.72E+09 7.44E+08 4.33E+09 2.55E+09 7.92E+09 2.55E+09 4.33E+09 2.55E+09 4.33E+09
Deer 1.88E+12 1.08E+13 1.88E+12 7.20E+12 3.66E+12 7.20E+12 1.88E+12 3.65E+12 3.66E+12 5.43E+12
Feral Hogs 5.80E+11 1.86E+12 2.59E+11 8.99E+11 5.80E+11 9.00E+11 2.59E+11 5.79E+11 5.80E+11 8.99E+11
Poultry Litter 1.06E+10 1.05E+12 1.06E+10 2.71E+11 2.72E+11 7.93E+11 2.72E+11 5.32E+11 2.72E+11 5.32E+11
OSSFs* 5.12E+11 2.12E+13 5.12E+11 4.65E+12 4.66E+12 1.71E+13 5.12E+11 4.65E+12 5.12E+11 4.65E+12
Dogs 1.23E+11 4.38E+12 1.23E+11 9.74E+11 1.23E+11 3.53E+12 1.23E+11 9.74E+11 1.23E+11 9.74E+11
WTTFs* 0.00E+00 7.57E+07 0.00E+00 1.89E+07 0.00E+00 1.89E+07 0.00E+00 1.89E+07 0.00E+00 1.89E+07
Hunting Camps 1.13E+11 2.55E+11 6.40E+10 2.07E+11 6.40E+10 2.07E+11 6.40E+10 1.12E+11 1.13E+11 1.59E+11
*On-site sewage facilities (OSSFs) and wastewater treatment facilities (WTTFs)
**Source: Borel 2012
***Highest predicted E. coli load is in red
Range of Predicted E. coli Loads (CFU/day) within each Subwatershed from the SELECT Model





Target Goals Comparison and Load Reduction Calculations 
Even though the Attoyac Bayou Watershed Protection Plan water quality 
targets were created for sample locations not within this project, each water 
quality target location can serve as a guideline to the nearest sample location. 
AB is closest to the Attoyac Bayou on US 59, BIO is closest to the Attoyac Bayou 
on SH 21, and NC, TC, and WC are closest to Attoyac Bayou on SH 7.  
Out of the sample locations, NC was the closest to the target goal, with a 
difference of 23 CFU/100 mL (Table 14). WC was the furthest from the target 
goal, with a difference of 166 CFU/100 mL (Table 14). Finally, AB, BIO, and TC 
were 116, 69, and 69 CFU/100 mL away from the target goal (Table 15).    
Load reductions needed to meet the TCEQ primary contact recreation 
standard (124 CFU/100 mL) for E. coli with a 10% margin of safety (133.4 
CFU/100 mL) as well as load reductions needed to meet water quality target 
goals were calculated for each subwatershed. This was calculated by subtracting 
the current annual E. coli load from the allowable load, which was calculated by 
multiplying the mean stream discharge by time by 113.4 CFU/100 mL (Table 17). 
BIO needed the highest E. coli load reduction in order to meet the standard with 
a 10% margin of safety and to meet the water quality target goal, whereas AB 











Table 17. Load reductions needed within each subwatershed of the Attoyac Bayou watershed in East Texas to 





E. coli  Load 
(CFU/ha)
Allowable Annual E. coli 
Load (CFU/ha) to Meet 
Standard with 10% MOS*
Annual E. coli Load (CFU/ha) 
Reduction Needed to Meet 
Standard with 10% MOS*
Allowable Annual E. coli 
Load (CFU/ha) to Meet WQ 
Target Goal**
Annual E. coli Load (CFU/ha) 
Reduction Needed to WQ Target 
Goal**
AB 978,522,401 24,682,762 953,839,640 50,062,039 928,460,363
BIO 4,127,534,363 128,330,904 3,999,203,459 220,674,834 3,906,859,528
NC 2,057,555,439 75,697,028 1,981,858,411 129,499,325 1,928,056,114
TC 1,276,464,983 27,274,409 1,249,190,573 46,659,924 1,229,805,059
WC 2,874,711,491 145,380,547 2,729,330,944 248,710,988 2,626,000,503
*Standard with 10% margin of saftey (MOS) is 113.4 CFU/100 mL





Best Management Practices Implemented and Evaluation 
 It is not possible to know how many landowners have implemented 
suggested BMPs without doing a watershed wide survey. However, Table 18 lists 
the dates and titles of the educational workshops held during the project period. 
A total of 23 OSSFs were installed throughout the Attoyac Bayou Watershed 
during the ANRA OSSF project period, and currently, one OSSFs has been 
installed during the Pineywoods RC&D project, with at least 12 more installations 
expected within the year 2018. Table 19 lists the date of OSSF installment as 
well as the location (Figure 66) within the Attoyac Bayou Watershed. Exact 
coordinates of OSSFs are not given to keep grant applicants information private.  
 
Table 18. Dates and titles of educational workshops held during the current 





9/29/2016 Riparian Stream Ecosystem Workshop
7/13/2017 Attoyac Bayou Stakeholder Meeting
9/7/2017 Homeowner Septic System Training








Table 19. Location of on-site sewage facilities and the date of installment within the Attoyac Bayou Watershed in 





I. D* Attoyac Bayou Big Iron Ore Naconiche Creek Terrapin Creek Waffelow Creek Outside Subwatersheds**
ANRA OSSF 1 03/30/2016 1
ANRA OSSF 2 03/30/2016 1
ANRA OSSF 3 07/01/2016 1
ANRA OSSF 4 07/01/2016 1
ANRA OSSF 5 08/15/2016 1
ANRA OSSF 6 06/06/2016 1
ANRA OSSF 7 06/28/2016 1
ANRA OSSF 8 07/21/2016 1
ANRA OSSF 9 08/01/2016 1
ANRA OSSF 10 04/26/2016 1
ANRA OSSF 11 07/06/2016 1
ANRA OSSF 12 08/03/2016 1
ANRA OSSF 13 07/01/2016 1
ANRA OSSF 14 04/25/2016 1
ANRA OSSF 15 06/28/2016 1
ANRA OSSF 16 06/27/2016 1
ANRA OSSF 17 05/11/2016 1
ANRA OSSF 18 04/08/2016 1
ANRA OSSF 19 07/01/2016 1
ANRA OSSF 20 07/01/2016 1
ANRA OSSF 21 07/01/2016 1
ANRA OSSF 22 07/01/2016 1
ANRA OSSF 23 05/03/2016 1
Pineywoods RC&D 1 12/11/2017 1
Total 1 1 2 0 2 18
*Angelina Neches River Authority On-Site Sewage Facilities Project (ANRA OSSF) and Pinewoody RC&D On-Site Sewage Facilities Project (Pineywoods RC&D)








Figure 66. Location of on-site sewage facilities installed throughout the Attoyac 
Bayou Watershed in East Texas, during March 2017 through February 2018 





 Implemented BMPs appear to be improving water quality of the BIO 
subwatershed. There was significant difference between pre and post BMP 
implementation E. coli mean concentrations. Even though water quality has not 
had significant improvement at subwatersheds AB, NC, and TC, BMPs are 
considered working because significant water quality degradation had not been 
reported. Subwatershed WC had significantly higher E. coli concentrations from 
pre to post BMP implementation. It is suspected that either a lag time for BMPs 
to result in improvement is taking place or additional BMPs need to be 
implemented within subwatersheds. 
 Lag time for BMPs to result in water quality improvement is common. Lag 
time is the amount of time it takes between BMP implementation and the result 
(Meals et al., 2010). Lag time can vary based on several factors such as the type 
of BMP implemented, pollutant of concern, site characteristics, climate, and how 
far from the waterbody the BMP was implemented (Meals et al., 2010). For 
example, Meals (2001) conducted a study in which implementation of livestock 
exclusion BMPs resulted in a 46% reduction in E. coli concentrations a year after 
implementation in a 1,422 ha watershed. However, a study in which a riparian 
forest buffer was installed in a small watershed for reducing NO3-N reported a 10 
year lag time (Meals et al., 2010).  
According to the USEPA (2002), a properly installed and maintained 
septic tank can remove 99 to 99.99% of fecal coliform, suspended solids, and 





replacement of failing OSSFs and installation of non-existent OSSFs would result 
in immediate improvement of water quality. However, lag time needs to be 
considered. For example, according to the USEPA (2002), bacteria from sewage 
effluents have been reported to survive in groundwater for 7 hours to 63 days. 
Additionally, as previously mentioned, E. coli has been reported to survive 
attached to sediment in stream beds for 12 to 24 months (Hudson, 2008). 
Therefore, it may take up to 2 years to see improvement from OSSF installment 
when accounting for possible resuspension of E. coli attached to sediment. For 
worst case scenario, results may not be reported for OSSF installment until 
March 30, 2018. 
 The first educational workshop was on September 29, 2016, and the last 
workshop during the current project period was November 7, 2017 (Table 18). It 
is difficult to predict if or when landowners implemented BMPs after attending 
workshops. However, when considering that Meals (2001) reported water quality 
improvement of livestock exclusion BMPs implemented for E. coli occurred within 
one year and giving landowners time to research, develop funds, and implement 
BMPs, it is estimated that water quality improvement from educational workshops 
may be reported as soon as February 2018. 
 
Additional Suggested Best Management Practices 
 To continue with the goal of reducing bacteria within the Attoyac Bayou 





awareness chosen for the watershed should take place. Additional suggested 
BMPs include nutrient and cropland management as well as a feral hog bounty 
program. 
A watershed protection plan was implemented to potentially reduce 
bacteria in Bitter Creek, which was list on the Oklahoma’s 303(d) List for elevated 
E. coli levels. With the combination of cropland, grazing land, and nutrient 
management BMPs, Bitter Creek went from a geometric mean of 171 CFU/100 
mL in 2006 to 93 CFU/100 mL in 2010 (USEPA, 2014). Grazing management 
such as alternative water facilities and cross-fencing BMPs are already in place 
for the Attoyac Bayou Watershed, but maybe with adding cropland and nutrient 
management BMPs, the Attoyac Bayou Watershed could be closer to being 
removed from the Texas 303(d) List. 
 Furthermore, a watershed protection plan was developed for the Plum 
Creek Watershed for elevated E. coli levels after it was listed on the Texas 
303(d) List the same year as the Attoyac Bayou Watershed in 2004 (Dornak, 
2014). In 2010, Plum Creek was removed from the Texas 303(d) List and 
reclassified as a category 4b stream (Dornak, 2014). However, some of the 
streams located within the watershed still exceed the TCEQ standard for primary 
contact recreation (Dornak, 2014). Plum Creek and Attoyac Bayou Watershed 
have several similar BMPs implemented such as cross-fencing, alternative water 
facilities, OSSFs replacement, trapping and hunting feral hogs, as well as 





implemented a feral hog bounty program in which each tail was reward two 
dollars and then eventually five dollars (Dornak, 2014). From September 2013 to 
March 2014, a total of 3,324 hogs were removed from the watershed, with 2,605 
hogs being removed by the bounty program (Dornak, 2014). Additionally, due to 
the popularity and involvement of local citizens, grants for the program went from 
$1,000 to $31,000 (Dornak, 2014). Advertisement took place on television and 
the radio (Dornak, 2014). 
 Finally, increasing educational awareness of the existing implemented 
BMPs within the Attoyac Watershed is suggested. Several education workshops 
have taken place since the watershed protection plan development, such as 
Home Septic System Training and Texas Water Stewards Workshop. If funds are 
available, advertisement of these educational events are suggested to take place 








SUMMARY AND CONCLUSION 
 Because of the growing population and the need for water for survival, 
clean, unpolluted water is of significant concern. The Attoyac Bayou Watershed 
has been listed on the Texas 303d List for elevated bacteria since 2004 and has 
been listed for ammonia since 2008 (Gregory et al., 2014). BMPs were 
developed for OSSFs, livestock and cattle, as well as feral hogs to aid in 
reducing bacteria as well as ammonia within the watershed (Gregory et al., 
2014). Management plans were chosen for the above sources of pollution 
because they were found to potentially contribute the highest amount of bacteria 
within the watershed as well as plans were considered to be feasible and provide 
reasonable bacteria reduction for the cost (Gregory et al., 2014). 
Other potential sources of bacteria within the watershed include pets, poultry, 
WWTFs, oil and natural gas drilling, wildlife, and illegal dumping (Gregory et al., 
2014). Past data were compared to current data to determine if management 
plans are improving water quality in regards to elevated bacteria. 
This project was a joint study between the Texas State Soil and Water 
Conservation Board (TSSWCB), Texas A&M AgriLife Research, Texas Water 
Resources Institute (TWRI), Castilaw Environmental Services, LLC (CES), 
Angelina & Neches River Authority (ANRA), Pineywoods RC&D, Stephen F. 





A&M AgriLife Extension Service. The project period began on June 1, 2016 and 
continues until May 31, 2019. Data used in this project were collected from 
March 2017 to February 2018. 
 Sampling took place on a monthly basis at five sampling locations located 
on the AB, BIO, NC, TC, and WC. Field parameters measured at each site 
include water temperature, dissolved oxygen, pH, specific conductivity, 
discharge, and secchi depth. Water samples were collected and analyzed by the 
ANRA’s NELAP certified lab for ammonia-N, nitrate-N, nitrite-N, total 
phosphorus, total suspended solids, total dissolved solids, chloride, sulfate, and 
E. coli. Additional observations were recorded at each site including present 
weather, days since last significant rainfall, and if primary contact recreation were 
observed/evidence of it taking place.   
 The following conclusions were drawn from this project: 
1. Water quality parameters were within state and federal standards for all 
parameters except E. coli. All sample locations exceeded the TCEQ standard of 
primary contact recreation for E. coli (126 CFU/100 mL). Additionally, four out of 
60 (6.67%) samples fell below the TCEQ standard for both DO and pH. All other 
water quality parameters did not exceed state or federal water quality standards 
or exceed suggested screening levels.  
2. Subwatersheds BIO, NC, and WC had the highest E. coli, nutrient, and 
sediment loading as well as highest discharge per unit area. This is consistent 





3. Total precipitation over the project period was 96.27 cm, which was 27.3 cm 
less than the 1981-2010 long-term average of 123.57 cm (NRCS, 2010). The 
lowest amount of rainfall for the area typically occurs in August (Chang, 1996), 
but for the current study, the greatest amount 29.09 cm (30.22%) of rainfall 
occurred in August due to Hurricane Harvey. Precipitation was not significantly 
different among seasons for the current project period, but the current and 
WPPD overall precipitation was significantly different. For all subwatersheds, 
mass loading for E. coli was generally higher in the winter and spring, with less in 
the fall. For all subwatersheds, mass loading for nutrients and sediment were 
generally greater in the spring and summer, with less in the fall. This pattern was 
less distinct for concentration data than for mass loading.  
4. Water quality is improving in BIO subwatershed. There was a significant 
decrease in E. coli mean concentrations between pre and post BMP 
implementation. Additionally, this is the sample location that consistently had one 
of the highest E. coli concentrations in past projects and highest mass loadings 
for all parameters throughout all project periods. WC post implementation E. coli 
mean concentration was significantly higher than pre implementation. Even 
though E. coli concentrations have not significantly changed within 
subwatersheds AB, NC, and TC, significant degradation has not been reported 
perhaps indicating that BMPs may be starting to have some effect. Additional 
BMPs may need to be implemented or additional time between monitoring to 





 Additional BMPs suggested to help improve bacteria reduction include 
cropland and nutrient management plans, feral hog bounty program, OSSF 
installation, and increasing awareness of existing educational programs. One 
suggestion for future research includes performing BST to determine the sources 
of E. coli to determine if there is a reduction in bacteria from the pollutant sources 
of originally developed BMPs. This could allow for better insight to develop 
additional BMPs for other sources of pollution or to develop more BMPs for the 
original selected sources of pollution. Another suggestion for future research is to 
survey landowners within the watershed to determine what BMPs they already 
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Table B1. Total number of samples for water quality parameters for five sample locations within the Attoyac Bayou 







Project Site NH3-N* Cl
-* E. coli NO3-N* NO2-N* SO4
2- * TDS* TP* TSS* Temp* pH DO* SC* Q* SD*
Current AB 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12
BIO 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12
NC 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12
TC 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12
WC 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12
Total 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60
WWPD** AB 45 45 45 45 43 43 41 43 39
BIO 57 57 57 57 44 44 43 44 44
NC 46 46 46 46 44 44 43 44 45
TC 45 45 45 45 43 44 42 44 30
WC 45 45 45 45 43 43 42 43 32
Total 238 238 238 238 217 218 211 218 190
OSSF** AB 21 21 21 21 20 21 21 21 21 21 21 21 21 21 21
BIO 21 21 21 21 20 21 21 21 21 19 21 21 21 21 21
NC 21 21 21 21 20 21 21 21 21 19 21 21 21 21 21
TC 21 21 21 20 19 21 21 21 21 20 21 21 21 21 21
WC 21 21 21 21 20 21 21 21 21 19 21 21 21 21 21
Total 105 105 105 104 99 105 105 105 105 98 105 105 105 105 105
*ammonia-N (NH3-N), chlordie (Cl
-), nitrate-N (NO3-N), nitrite-N (NO2-N), sulfate (SO4
2-), total dissolved solids (TDS), total phosphorus (TP), total suspended solids (TDS), total 
 phosphorus (TP), total suspended solids (TSS), water temperature (Temp),dissolved oxygen (DO), specific conductivity (SC), discharge (Q), and secchi depth (SD)








Table B2. Laboratory results from the ANRA’s NELAP approved lab and in-situ data for five sample locations 
within the Attoyac Bayou Watershed in East Texas during March 2017 through February 2018. 
 





E. coli ** 
(CFU/100 mL)



















Q*                     
(L/s)
SD                     
(m)
3/21/2017 AB <0.10 24.0 203 0.17 <0.05 29.0 140 0.15 27.0 19.79 6.36 7.19 230.00 364.70 0.19
4/17/2017 AB <0.10 18.0 440 0.30 <0.05 23.0 160 0.12 30.0 20.80 6.19 6.59 194.00 650.61 0.18
5/8/2017 AB <0.10 16.0 290 0.45 <0.05 15.0 150 0.14 33.0 17.50 6.51 7.10 165.20 228.95 0.14
6/14/2017 AB 0.14 19.0 210 0.38 <0.05 21.0 180 0.17 25.0 25.37 7.07 5.14 215.00 249.59 0.17
7/10/2017 AB 0.22 16.0 290 0.50 <0.05 12.0 150 0.20 33.0 25.13 6.90 5.78 177.60 790.41 0.19
8/21/2017 AB 0.10 10.0 520 0.39 <0.05 5.1 150 0.20 19.0 27.05 6.81 4.71 201.00 109.13 0.21
9/11/2017 AB <0.10 16.0 820 0.27 <0.05 18.0 140 0.27 16.0 20.32 6.70 7.11 176.90 386.79 0.27
10/17/2017 AB <0.10 13.0 210 0.12 <0.05 7.8 120 0.18 9.7 17.28 6.63 5.63 153.50 31.43 0.43
11/13/2017 AB <0.10 14.0 240 0.06 <0.05 10.0 130 0.15 3.8 15.34 6.15 6.61 154.50 146.06 0.66
12/5/2017 AB <0.10 15.0 770 0.09 <0.05 9.7 120 0.16 4.7 15.28 5.93 5.99 155.30 41.33 0.55
1/3/2018 AB <0.10 20.0 310 0.23 <0.05 22.0 120 0.05 7.3 2.31 5.52 12.46 198.30 235.67 0.42
2/5/2018 AB <0.10 32.0 360 0.18 <0.05 42.0 140 0.12 5.3 9.32 6.13 9.58 298.20 160.96 0.55
3/21/2017 BIO <0.10 9.5 140 1.40 <0.05 9.8 79 0.04 14.0 19.86 7.09 8.56 111.50 1045.23 0.08
4/17/2017 BIO <0.10 9.3 260 1.50 <0.05 7.5 75 <0.02 22.0 20.76 6.35 8.17 113.30 590.44 0.20
5/8/2017 BIO <0.10 9.3 200 1.20 <0.05 11.0 100 0.09 64.0 17.91 6.89 8.50 113.00 630.27 0.18
6/14/2017 BIO 0.12 8.8 210 0.88 <0.05 9.0 90 0.04 22.0 24.79 7.03 7.43 108.50 1249.14 0.19
7/10/2017 BIO <0.10 7.5 610 0.69 <0.05 7.4 98 0.12 64.0 24.20 6.97 7.49 85.50 1361.58 0.11
8/21/2017 BIO <0.10 17.0 360 0.36 <0.05 13.0 98 0.07 24.0 25.17 7.09 7.27 122.30 733.70 0.17
9/11/2017 BIO <0.10 7.7 280 1.00 <0.05 10.0 86 0.07 23.0 20.10 7.18 8.22 105.30 555.41 0.25
10/17/2017 BIO <0.10 9.1 140 1.40 <0.05 6.8 90 0.10 18.0 16.58 7.20 8.94 107.10 659.62 0.32
11/13/2017 BIO <0.10 9.2 190 1.40 <0.05 6.9 95 0.03 9.5 16.18 6.38 9.05 105.80 872.25 0.34
12/5/2017 BIO <0.10 9.4 440 1.70 <0.05 8.0 77 0.06 22.0 16.01 6.32 9.19 104.80 780.21 0.60
1/3/2018 BIO <0.10 9.7 320 1.90 <0.05 10.0 91 0.02 23.0 2.54 7.14 13.59 111.60 923.85 0.59
2/5/2018 BIO <0.10 10.0 320 1.60 <0.05 14.0 67 0.07 18.0 9.64 6.75 11.01 115.90 1379.21 0.34
3/21/2017 NC <0.10 13.0 210 0.47 <0.05 14.0 120 0.06 16.0 20.12 6.86 8.03 141.60 814.85 0.24
4/17/2017 NC <0.10 11.0 340 0.39 <0.05 10.0 110 0.07 24.0 21.78 6.10 7.12 127.70 888.90 0.28
5/8/2017 NC <0.10 10.0 250 0.31 <0.05 7.0 91 0.08 47.0 18.80 6.67 7.73 109.50 640.44 0.21
6/14/2017 NC 0.20 12.0 120 0.51 <0.05 9.9 110 0.10 20.0 25.66 7.04 6.36 138.80 686.56 0.20
7/10/2017 NC 0.25 11.0 210 0.46 <0.05 6.2 93 0.14 29.0 24.93 6.93 6.50 121.80 467.65 0.32
8/21/2017 NC <0.10 8.3 180 0.49 <0.05 9.5 90 0.03 32.0 26.87 6.92 6.44 118.90 357.41 0.35
9/11/2017 NC <0.10 10.0 230 0.34 <0.05 8.4 94 0.13 22.0 21.22 6.89 7.51 123.10 963.26 0.26
10/17/2017 NC <0.10 12.0 93 0.30 <0.05 5.3 93 0.03 14.0 16.57 6.81 8.26 126.30 225.26 0.42
11/13/2017 NC <0.10 10.0 98 0.18 <0.05 <5.0 84 0.03 9.6 15.99 6.24 8.51 105.10 559.64 0.72

















E. coli ** 
(CFU/100 mL)



















Q*                     
(L/s)
SD                     
(m)
1/3/2018 NC 0.27 12.0 310 0.61 <0.05 9.0 77 0.02 7.3 2.59 6.62 13.11 121.20 546.52 0.47
2/5/2018 NC <0.10 14.0 220 0.69 <0.05 14.0 79 0.06 8.6 9.52 6.24 10.44 139.10 694.73 0.22
3/21/2017 TC <0.10 11.0 460 0.63 <0.05 35.0 130 <0.02 12.0 19.91 7.14 8.06 170.40 143.67 0.19
4/17/2017 TC <0.10 9.0 >2400 0.66 <0.05 21.0 120 0.05 15.0 21.13 6.06 7.18 135.50 33.52 0.12
5/8/2017 TC <0.10 8.1 220 0.76 <0.05 19.0 110 0.04 12.0 18.16 6.88 7.59 117.70 41.57 0.07
6/14/2017 TC 0.17 10.0 280 0.88 <0.05 26.0 120 0.03 6.1 24.77 6.86 6.83 153.40 44.73 0.23
7/10/2017 TC <0.10 16.0 130 0.68 <0.05 5.8 87 0.04 11.0 24.92 6.90 6.46 111.10 60.14 0.34
8/21/2017 TC <0.10 6.9 340 0.95 <0.05 <5.0 79 0.04 6.7 26.24 7.07 5.88 92.70 4.82 0.27
9/11/2017 TC <0.10 8.6 240 1.10 <0.05 15.0 93 0.03 6.1 19.57 7.15 7.84 117.20 22.75 0.17
10/17/2017 TC <0.10 6.6 55 1.00 <0.05 <5.0 73 0.07 5.6 15.70 7.00 7.65 77.00 17.47 0.22
11/13/2017 TC <0.10 7.8 68 0.67 <0.05 <5.0 99 0.02 6.4 15.95 6.19 7.30 90.80 18.17 0.24
12/5/2017 TC <0.10 7.1 520 0.54 <0.05 5.7 87 0.05 8.9 15.92 6.04 7.31 79.30 27.72 0.47
1/3/2018 TC 0.12 7.8 410 0.91 <0.05 8.6 81 0.01 6.8 2.44 6.86 12.53 87.60 25.87 0.41
2/5/2018 TC <0.10 8.5 190 0.89 <0.05 12.0 62 0.05 12.0 9.57 6.57 9.90 98.60 61.65 0.26
3/31/2017 WC 0.10 14.0 340 0.28 <0.05 38.0 140 0.09 18.0 19.48 6.93 7.93 188.00 142.24 0.50
4/17/2017 WC 0.11 12.0 490 0.28 <0.05 28.0 140 0.09 19.0 20.77 6.02 5.36 166.60 41.41 0.18
5/8/2017 WC <0.10 9.2 340 0.34 <0.05 25.0 140 <0.02 22.0 17.47 6.08 6.70 137.80 35.33 0.08
6/14/2017 WC 0.17 9.7 260 0.39 <0.05 20.0 130 <0.02 13.0 24.60 6.73 4.98 142.00 79.20 0.26
7/10/2017 WC <0.10 7.4 520 0.40 <0.05 11.0 96 0.10 16.0 24.15 6.83 5.20 114.90 50.91 0.05
8/21/2017 WC 0.13 9.2 460 1.10 <0.05 7.7 110 0.12 8.3 25.66 6.78 3.75 123.00 14.35 0.08
9/11/2017 WC 0.14 9.2 340 0.61 <0.05 19.0 130 0.17 88.0 19.57 7.09 6.41 135.50 53.52 0.09
10/17/2017 WC <0.10 7.9 110 0.24 <0.05 8.6 95 0.13 23.0 16.19 6.82 4.56 110.20 10.92 0.23
11/13/2017 WC <0.10 10.0 960 0.15 <0.05 8.8 120 0.13 15.0 15.60 5.99 5.23 118.00 107.11 0.34
12/5/2017 WC <0.10 9.7 1400 0.27 <0.05 8.8 110 0.14 21.0 15.15 5.87 5.63 107.50 150.97 0.26
1/3/2018 WC 0.14 11.0 150 0.39 <0.05 21.0 100 0.14 46.0 2.56 6.82 11.28 139.20 170.26 0.33
2/5/2018 WC <0.10 15.0 180 0.34 <0.05 39.0 98 0.08 21.0 9.66 6.14 9.28 181.70 107.11 0.38
*ammonia-N (NH3-N), chlordie (Cl
-), nitrate-N (NO3-N), nitrite-N (NO2-N), sulfate (SO4
2-), total dissolved solids (TDS), total phosphorus (TP), total suspended solids (TSS), water
 temperature (Temp), dissolved oxygen (DO), specific conductivity (SC), discharge, and secchi depth (SD)
**Values below method detection limits were halved in calculations and statistical tests. Values above method detection limits were left the same with the greater sign








Table B3. Ex-situ and in-situ water quality parameters for five sample locations within the Attoyac Bayou 








*                             
(mg/L)
E. coli ** 
(CFU/100 mL)




















Q*                   
(L/s)
SD*                  
(m)
7/26/2010 AB 0.10 250 0.24 20.0 26.6 7.2 4.5 137 76.5
8/9/2010 AB 0.10 260 0.24 30.0 27.1 7 154 269.0
8/23/2010 AB 0.15 410 0.32 34.0 27.3 7 2.1 172 96.3
9/8/2010 AB 0.10 500 0.23 19.0 24.5 7.1 4.8 165 76.5
9/20/2010 AB 0.10 270 0.12 15.0 24.6 7.2 4.7 191 22.7
10/4/2010 AB 0.10 120 0.22 45.0 16.1 7.7 5.9 191 8.5
10/18/2010 AB 0.10 310 0.15 2.8 16.1 7.6 5.9 126 34.0
11/1/2010 AB 0.10 220 0.13 4.6 15 7.7 5.2 146 17.0
11/15/2010 AB 0.10 1000 0.17 8.2 12.2 7.6 6.9 125 65.1
11/29/2010 AB <0.04 550 0.11 28.0 11.8 7.6 6.8 120 113.3
12/13/2010 AB 0.10 75 0.10 <2.5 6.3 7.9 9.0 117 48.1
12/28/2010 AB 0.11 240 0.12 3.0 5.7 7.9 9.9 107 87.8
1/10/2011 AB 0.10 870 0.11 5.1 5.3 7.6 10.3 167 167.1
1/24/2011 AB 0.10 440 0.07 6.3 7.1 7.6 10.2 170 254.9
2/7/2011 AB 0.10 2000 0.17 13.0 5.7 7.8 10.5 196 260.5
2/23/2011 AB 0.10 410 0.14 8.2 16 8 7.8 199 56.6
3/7/2011 AB 0.10 250 0.16 3.2 11.6 8.2 9.2 148 45.3
3/21/2011 AB 0.10 340 0.13 7.3 19.6 7.8 6.4 202 56.6
4/4/2011 AB 0.16 820 0.13 18.0 20.3 7.6 4.8 172 25.5
4/18/2011 AB 0.10 180 0.33 14.0 17.7 7.7 5.1 91 17.0
5/2/2011 AB 0.10 490 0.34 44.0 19.1 7.6 6.2 98 28.3
5/16/2011 AB 0.10 730 0.33 50.0 16.8 7.7 6.8 114 22.7
5/31/2011 AB 0.23 610 0.40 72.0 25.5 7.6 1.6 149 2.8
6/13/2011 AB 0.32 21 0.81 176.0 24.4 7.7 1.1 201 28.3
6/22/2011 AB
6/27/2011 AB 0.20 >2400 0.36 130.0 26.4 8.1 3.6 143 19.8
7/11/2011 AB 0.24 23 0.47 44.0 0.0
7/25/2011 AB 0.24 33 0.70 120.0 26 7.9 3.5 205 0.0
8/8/2011 AB 0.10 10 0.53 98.0 28 7.9 2.6 170 0.0
8/22/2011 AB 0.71 12 0.38 180.0 27.6 8 1.5 145 0.0
9/6/2011 AB 0.50 33 0.56 56.0 18.9 8.1 1.9 218 0.0















Cl- *                             
(mg/L)
E. coli ** 
(CFU/100 mL)



















Q*                   
(L/s)
SD*                  
(m)
10/4/2011 AB 0.22 56 0.48 390.0 15.5 8.3 3.4 216 0.0
10/18/2011 AB 0.30 >2400 0.80 100.0 19.8 7.9 5.6 252 0.0
11/1/2011 AB 0.0
11/15/2011 AB 0.10 68 0.28 14.0 20.8 7.5 3.3 227
11/29/2011 AB 0.10 220 0.19 10.4 7.7 8 8.5 263
12/5/2011 AB
12/13/2011 AB 0.10 110 0.14 9.1 8.4 7.8 12.5 172 53.8
12/22/2011 AB
12/28/2011 AB 0.10 870 0.18 22.1 7.2 8.5 9.9 162
1/9/2012 AB
1/10/2012 AB
1/23/2012 AB 0.10 650 0.15 12.6 14.1 8.1 7.6 231 192.6
1/26/2012 AB
2/6/2012 AB
2/8/2012 AB 0.10 260 0.12 25.2 10.1 7.8 9.3 208
2/21/2012 AB
3/7/2012 AB 0.10 220 0.08 70.3 16 8.2 8.3 241 203.9
3/9/2012 AB
3/12/2012 AB 1245.9
3/19/2012 AB 0.17 140 0.13 21.0 20.8 8.1 6.7 206
3/21/2012 AB
4/2/2012 AB 0.11 220 0.27 57.0 21.9 7.2 6.4 226
4/23/2012 AB 0.10 520 0.31 98.4 16.6 7.9 7.4 144
4/30/2012 AB 0.10 550 0.30 23.5 21.6 8.1 206 339.8
5/14/2012 AB 0.10 290 0.21 56.0 19.4 8.2 7.2 110
10/22/2014 AB <0.10 6.8 170 0.1 <0.05 11.0 98 0.20 22.0 12.1 6.3 6.0 107 51.0 0.3
11/18/2014 AB <0.10 8.7 610 <0.05 <0.05 6.6 100 0.11 8.2 7.2 5 10.9 115 283.2 0.4
12/16/2014 AB <0.10 11.0 100 <0.05 <0.05 8.7 40 0.15 3.7 12.1 6.2 7.8 128 283.2 0.5
1/20/2015 AB <0.10 15.0 180 0.17 <0.05 30.0 140 0.04 13.0 7.2 5.5 11.0 171 1444.2 0.5
2/10/2015 AB <0.10 18.0 460 0.19 <0.05 29.0 130 0.07 15.0 11.4 6.3 9.6 196 1387.5 0.5
3/24/2015 AB <0.10 6.5 130 <0.05 <0.05 14.0 110 0.18 20.0 17.3 6.8 6.5 102 18122.8 0.4
4/20/2015 AB <0.10 5.9 360 0.08 <0.05 12.0 130 0.21 22.0 19.5 6.7 5.8 99 14271.7 0.3














Cl- *                             
(mg/L)
E. coli ** 
(CFU/100 mL)



















Q*                   
(L/s)
SD*                  
(m)
6/22/2015 AB <0.10 6.4 150 0.12 <0.05 12.0 120 0.20 33.0 26.6 6.7 6.4 91 15007.9 0.4
7/14/2015 AB <0.10 10.0 93 0.43 <0.05 10.0 130 0.15 17.0 26.2 7 5.8 131 396.4 0.3
8/6/2015 AB <0.10 8.1 77 0.24 <0.05 6.1 100 0.36 12.0 26.4 6.9 5.0 106 104.8 0.4
8/27/2015 AB <0.10 7.6 99 0.23 <0.05 5.7 94 0.03 10.0 22.8 6.9 5.9 95 135.9 0.4
9/22/2015 AB <0.10 7.4 320 0.11 <0.05 <5.0 90 0.16 19.0 22.9 6.8 4.2 90 68.0 0.3
10/20/2015 AB <0.10 7.3 130 <0.05 <0.05 <5.0 94 0.18 12.0 14.8 6.8 5.2 80 28.3 0.4
11/23/2015 AB <0.10 6.5 340 0.19 13.0 94 0.06 34.0 11.4 6.9 9.0 78 5266.9 0.3
12/15/2015 AB <0.10 6.8 >2400 0.14 <0.05 12.0 130 0.06 27.0 13.2 6.5 7.3 87 18972.3 0.2
1/25/2016 AB <0.10 9.2 1000 0.21 <0.05 19.0 170 0.07 28.0 8.6 6.8 10.2 110 6371.3 0.4
2/17/2016 AB <0.10 18.0 220 0.23 <0.05 28.0 120 0.12 12.0 12.6 7.2 9.4 176 2112.4 0.6
3/16/2016 AB <0.10 5.6 310 0.07 <0.05 12.0 110 0.17 33.0 19.1 6.7 6.9 84 17245.0 0.4
4/5/2016 AB <0.10 13.0 220 0.29 <0.05 18.0 120 0.12 23.0 15.2 7 8.2 140 1670.7 0.4
5/3/2016 AB <0.10 <5.0 520 0.09 <0.05 8.4 94 0.03 23.0 20 6.6 6.5 68 13818.6 0.3
7/26/2010 BIO 0.10 200 0.09 23.0 29.4 7.4 7.0 114 99.1
8/9/2010 BIO 0.10 140 0.12 19.0 26 7.2 5.2 180 34.0
8/23/2010 BIO 0.10 440 0.10 14.0 26.9 7.3 6.6 116 254.9
9/8/2010 BIO 0.10 390 <0.06 26.0 24.1 7.5 7.3 99 509.7
9/20/2010 BIO 0.10 580 0.07 11.0 23.8 7.4 7.2 117 209.5
10/4/2010 BIO 0.10 180 <0.06 8.5 14.9 7.6 8.9 109 124.6
10/18/2010 BIO 0.10 200 <0.06 20.0 14.9 7.6 8.8 104 235.0
11/1/2010 BIO 0.10 390 <0.06 6.5 13.9 7.7 8.3 106 164.2
11/15/2010 BIO 0.10 920 <0.06 11.0 11.9 8 9.2 99 623.0
11/29/2010 BIO <0.04 120 <0.06 4.2 10.9 7.9 9.4 107 453.1
12/13/2010 BIO 0.10 180 <0.06 3.9 6.5 7.7 11.2 110 396.4
12/28/2010 BIO 0.10 270 <0.06 9.3 5.2 7.2 11.3 105 821.2
1/10/2011 BIO 0.10 920 <0.06 22.0 5.7 7.2 10.9 96 1500.8
1/24/2011 BIO 0.10 390 <0.06 7.8 7.4 7.6 10.6 115 934.5
2/7/2011 BIO 0.10 820 <0.06 47.0 6.5 8.3 10.8 124
2/23/2011 BIO 0.10 200 <0.06 9.5 16 8.2 8.4 122 707.9
3/7/2011 BIO 0.68 390 <0.06 5.7 10.8 8.7 9.8 118 311.5
3/21/2011 BIO 0.10 870 <0.06 6.1 18.9 7.8 7.9 118 155.7














Cl- *                             
(mg/L)
E. coli ** 
(CFU/100 mL)



















Q*                   
(L/s)
SD*                  
(m)
4/18/2011 BIO 0.10 550 0.14 7.0 16.9 8.4 7.8 115 62.3
5/2/2011 BIO 0.13 400 0.12 12.0 20.4 7.4 7.1 111 5.7
5/16/2011 BIO 0.10 270 0.09 18.0 17 8.8 8.2 105 90.6
5/31/2011 BIO 0.10 49 0.09 14.0 24.6 7.8 6.7 128 25.5
6/13/2011 BIO 0.10 390 0.10 13.3 24.8 7.5 5.1 147 11.3
6/22/2011 BIO 0.10 >2400 0.93 454.0
6/27/2011 BIO 0.10 340 0.08 12.0 26.3 7.8 6.2 130 51.0
7/11/2011 BIO 0.10 240 0.25 17.0 11.3
7/25/2011 BIO 0.18 91 0.09 16.0 27.6 7.6 4.4 139 2.8
8/8/2011 BIO 0.30 52 <0.06 13.0 27.8 8.3 3.4 166 2.8
8/22/2011 BIO 0.16 12 <0.06 18.0 27.7 7.8 3.6 213 0.0
9/6/2011 BIO 0.11 360 0.14 8.1 19.8 7.4 5.6 188 62.3
9/20/2011 BIO 0.23 580 0.07 5.0 19.8
10/4/2011 BIO 0.10 690 0.08 74.0 14.2 9.1 6.1 131 0.0
10/18/2011 BIO 0.10 >2400 0.10 33.0 18.9 7.9 6.8 116 70.8
11/1/2011 BIO 0.12 230 <0.06 9.5 10.8 9 7.4 111 104.8
11/15/2011 BIO 0.10 870 <0.06 4.1 17.1 8.1 7.0 119 1.1
11/29/2011 BIO 0.10 650 0.12 27.4 7.6 8.7 10.1 142
12/5/2011 BIO 0.10 >2400 0.13 114.0 12.2 8 8.7 142
12/13/2011 BIO 0.10 360 <0.06 16.2 7.2 8.1 10.5 154 266.2
12/22/2011 BIO 0.10 1200 0.06 67.6
12/28/2011 BIO 0.10 490 <0.06 31.8 7.7 8.7 10.5 173 1359.2
1/9/2012 BIO 0.10 >2400 0.13 50.8
1/10/2012 BIO 0.10 >2400 0.22 132.0
1/23/2012 BIO 0.10 460 <0.06 10.4 14.8 8.9 8.6 149 707.9
1/26/2012 BIO 0.10 >2400 0.19 168.0
2/6/2012 BIO 0.10 >2400 0.23 180.0
2/8/2012 BIO 0.10 690 <0.06 25.6 10.4 7.9 9.7 161 1642.4
2/21/2012 BIO 0.10 920 <0.06 40.4 2491.9
3/7/2012 BIO 0.10 200 <0.06 8.2 14.8 9 8.8 170 906.1
3/9/2012 BIO 0.10 >2400 0.21 60.0














Cl- *                             
(mg/L)
E. coli ** 
(CFU/100 mL)



















Q*                   
(L/s)
SD*                  
(m)
3/19/2012 BIO 0.11 120 <0.06 26.2 20.5 8.9 7.3 148
3/21/2012 BIO 0.10 >2400 0.21 50.8
4/2/2012 BIO 0.13 100 0.18 24.5 20.7 8.5 7.4 147 1330.9
4/23/2012 BIO 0.10 770 0.17 38.0 15.9 8.3 8.5 133 1189.3
4/30/2012 BIO 0.10 130 0.21 37.8 21.5 9 148 396.4
5/14/2012 BIO 0.10 160 0.11 11.1 18.8 9.2 8.0 124 481.4
10/22/2014 BIO <0.10 10.0 650 0.77 <0.05 8.3 80 0.05 9.6 7 9.2 118 311.5 0.6
11/18/2014 BIO <0.10 7.8 1000 1.3 <0.05 16.0 82 0.07 13.0 6.1 12.0 107 679.6 0.4
12/16/2014 BIO 11.0 210 1.48 <0.05 7.5 98 0.04 3.4 12.5 6.8 9.9 114 764.6 0.8
1/20/2015 BIO 11.0 120 1.26 <0.05 16.0 100 0.04 12.0 8.1 6.3 11.2 122 1387.5 0.8
2/10/2015 BIO <0.10 10.0 310 1.12 <0.05 14.0 96 0.03 10.0 12.5 6.6 10.3 120 1302.6 0.7
3/24/2015 BIO <0.10 7.1 260 0.51 <0.05 17.0 96 0.10 48.0 16.8 6.8 8.7 105 3681.2 0.3
4/20/2015 BIO <0.10 <5.0 >2400 0.32 <0.05 12.0 100 0.50 270.0 18.5 6.8 7.7 86 12374.5 0.2
5/19/2015 BIO <0.10 <5.0 1300 0.1 <0.05 7.5 100 <0.02 33.0 21.8 6.3 6.4 60 37972.9 0.2
6/22/2015 BIO <0.10 6.2 180 0.59 <0.05 12.0 110 0.07 30.0 24.4 6.6 7.1 97 5974.9 0.3
7/14/2015 BIO 0.13 8.7 100 1.5 <0.05 6.1 84 0.06 8.4 26.2 7.1 7.1 105 1104.4 0.5
8/6/2015 BIO <0.10 9.8 130 1.8 <0.05 5.6 88 0.03 4.1 26.5 7.1 7.1 113 453.1 0.6
8/27/2015 BIO <0.10 8.2 120 0.98 <0.05 8.4 82 <0.02 13.0 23.2 7 7.6 90 962.8 0.5
9/22/2015 BIO <0.10 10.0 110 1.4 <0.05 <5.0 78 0.05 4.8 23.2 7.1 8.0 107 368.1 0.5
10/20/2015 BIO <0.10 9.8 290 1.5 <0.05 5.3 82 0.07 17.0 15.3 7.3 9.2 101 206.7 0.7
11/23/2015 BIO <0.10 9.5 200 1.4 10.0 80 <0.02 11.0 10.3 6.9 10.5 104 1812.3 0.6
12/15/2015 BIO <0.10 7.9 2000 0.53 <0.05 15.0 120 <0.02 36.0 13.1 6.7 8.9 95 7022.6 0.4
1/25/2016 BIO <0.10 8.8 340 1.5 <0.05 13.0 72 <0.02 14.0 9.8 7.2 10.6 103 2350.3 0.7
2/17/2016 BIO <0.10 9.4 220 1.6 <0.05 11.0 72 0.05 8.3 13.1 7.1 10.2 103 1529.1 0.8
3/16/2016 BIO <0.10 6.4 230 0.82 <0.05 12.0 90 0.07 36.0 19.3 6.8 7.9 88 5521.8 0.4
4/5/2016 BIO <0.10 8.0 250 1.5 <0.05 9.7 64 <0.02 16.0 16 6.9 9.1 96 2180.4 0.6
5/3/2016 BIO <0.10 6.8 920 0.77 <0.05 12.0 100 0.09 37.0 19.1 6.8 7.9 98 2520.2 0.4
7/26/2010 NC 0.10 57 0.14 14.0 26.2 7.3 6.1 119 283.2
8/9/2010 NC 0.10 110 0.16 15.0 26.5 7.2 5.9 129 283.2
8/23/2010 NC 0.10 170 0.19 13.0 26.8 7.2 5.9 121 164.2
9/8/2010 NC 0.10 77 0.17 12.0 24.2 7.2 6.4 121 283.2














Cl- *                             
(mg/L)
E. coli ** 
(CFU/100 mL)



















Q*                   
(L/s)
SD*                  
(m)
10/4/2010 NC 0.10 30 0.26 3.6 15.4 7.6 8.5 117 167.1
10/18/2010 NC 0.10 440 0.08 3.8 15.7 7.7 8.2 105 167.1
11/1/2010 NC 0.10 610 0.09 8.5 14.4 7.6 8.2 104 167.1
11/15/2010 NC 0.10 820 0.07 3.8 12.1 7.7 8.6 108 311.5
11/29/2010 NC <0.04 180 <0.06 <2.5 11.6 7.6 8.6 113 271.8
12/13/2010 NC 0.10 70 <0.06 <2.5 5.6 7.7 10.3 129 56.6
12/28/2010 NC 0.10 150 0.08 <2.5 5.8 7.6 10.9 137 141.6
1/10/2011 NC 0.10 1100 0.08 8.4 5.3 7.6 11.0 136 424.8
1/24/2011 NC 0.10 180 <0.06 7.0 7 7.5 10.5 157 186.9
2/7/2011 NC 0.10 690 <0.06 5.6 5.4 7.8 11.0 164 226.5
2/23/2011 NC 0.11 79 <0.06 <2.5 16.2 7.2 7.9 171 42.5
3/7/2011 NC 0.10 300 <0.06 8.9 11.5 8 9.7 170 31.1
3/21/2011 NC 0.10 270 0.08 2.7 19.4 7.9 6.4 176 53.8
4/4/2011 NC 0.24 310 0.10 5.2 20.4 7.8 5.9 175 14.2
4/18/2011 NC 0.10 110 0.12 5.0 17 7.6 6.8 115 90.6
5/2/2011 NC 0.10 260 0.20 7.4 19 7.6 6.6 106 53.8
5/16/2011 NC 0.10 140 0.20 8.0 16.8 7.5 7.0 128 28.3
5/31/2011 NC 0.16 15 0.30 18.0 25.5 7.5 4.4 153 5.7
6/13/2011 NC 0.13 22 0.19 62.6 24.6 7.7 0.4 173 11.3
6/22/2011 NC
6/27/2011 NC 0.12 190 0.21 20.0 26.4 8 4.5 146 31.1
7/11/2011 NC 0.23 42 0.15 6.4 5.7
7/25/2011 NC 0.18 290 0.15 14.0 26.8 8 2.3 151 1.8
8/8/2011 NC 0.39 11 <0.06 13.0 27.8 7.8 2.5 210 0.0
8/22/2011 NC 0.10 360 0.27 52.0 26.9 8.2 5.7 119 186.9
9/6/2011 NC 0.10 230 0.28 17.0 18.9 8.2 6.1 134 249.2
9/20/2011 NC 0.10 390 0.10 5.8 85.0
10/4/2011 NC 0.10 1200 0.08 4.8 14 8.4 7.0 98 8.5
10/18/2011 NC 0.10 >2400 0.35 18.0 18 7.9 6.7 132 39.6
11/1/2011 NC 0.10 64 0.07 5.7 11.4 8.2 8.6 142 8.5
11/15/2011 NC 0.13 120 0.11 7.1 18.3 7.6 5.2 169 19.8















Cl- *                             
(mg/L)
E. coli ** 
(CFU/100 mL)



















Q*                   
(L/s)
SD*                  
(m)
12/13/2011 NC 0.24 180 0.09 9.0 8 7.8 9.7 195 76.5
12/22/2011 NC
12/28/2011 NC 0.10 520 0.13 12.8 7 8.5 10.8 203 821.2
1/9/2012 NC
1/10/2012 NC
1/23/2012 NC 0.10 310 0.07 13.8 13.8 8.2 8.3 165 679.6
1/26/2012 NC
2/6/2012 NC
2/8/2012 NC 0.12 340 0.10 10.5 10.3 7.9 9.6 191 1161.0
2/21/2012 NC
3/7/2012 NC 0.11 180 0.10 6.7 15.5 8.2 7.9 199 509.7
3/9/2012 NC
3/12/2012 NC 8 6.6
3/19/2012 NC 0.18 200 0.20 18.3 20 6.1 186 1585.7
3/21/2012 NC 7.4
4/2/2012 NC 0.13 220 0.16 30.0 20.9 7.8 201 707.9
4/23/2012 NC 0.15 730 0.22 28.5 16.2 7.8 170 679.6
4/30/2012 NC 0.12 120 0.14 20.2 21.8 7.8 209 220.9
5/14/2012 NC 0.10 77 0.15 22.6 19.7 8 6.5 186 283.2
10/22/2014 NC <0.10 9.4 70 0.12 <0.05 <5.0 70 0.18 11.0 7 8.4 106 509.7 0.5
11/18/2014 NC <0.10 12.0 260 0.34 <0.05 8.0 92 0.16 110.0 6 11.4 129 538.0 0.7
12/16/2014 NC <0.10 11.0 80 0.32 <0.05 6.2 100 0.07 4.0 12.8 7.1 8.9 122 849.5 1
1/20/2015 NC 0.22 14.0 51 0.74 <0.05 19.0 110 <0.02 8.8 8.2 6.7 10.7 154 2945.0 0.9
2/10/2015 NC <0.10 14.0 50 0.73 <0.05 18.0 110 <0.02 11.0 11.7 6.8 10.0 154 1104.4 0.8
3/24/2015 NC <0.10 9.4 320 0.45 <0.05 16.0 100 0.15 48.0 16.7 6.9 8.3 119 8665.0 0.4
4/20/2015 NC <0.10 9.2 490 0.28 <0.05 18.0 130 <0.02 70.0 20.1 6.8 7.0 133 9910.9 0.4
5/19/2015 NC <0.10 7.6 >2400 0.22 <0.05 13.0 130 <0.02 84.0 22.2 6.7 6.2 111 24579.0 0.3
6/22/2015 NC <0.10 7.4 74 0.18 <0.05 9.0 80 0.16 45.0 26.8 6.8 6.5 96 9542.8 0.3
7/14/2015 NC 0.12 9.7 62 0.44 <0.05 7.2 98 <0.02 14.0 26.8 7 6.1 113 764.6 0.5
8/6/2015 NC <0.10 11.0 75 0.26 <0.05 5.4 90 0.23 7.2 26.5 7.1 6.1 114 254.9 0.5
8/27/2015 NC <0.10 9.4 88 0.25 <0.05 <5.0 68 <0.02 7.9 23.1 7.1 7.1 97 277.5 0.5














Cl- *                             
(mg/L)
E. coli ** 
(CFU/100 mL)



















Q*                   
(L/s)
SD*                  
(m)
10/20/2015 NC <0.10 11.0 110 0.08 <0.05 <5.0 90 <0.02 7.1 22.5 5.2 8.4 35 99.1 0.5
11/23/2015 NC <0.10 8.7 250 0.37 7.6 90 0.05 29.0 12.2 7.5 9.4 94 5295.3 0.5
12/15/2015 NC <0.10 8.8 >2400 0.24 <0.05 39.0 110 <0.02 38.0 13.6 6.6 8.0 106 9061.4 0.3
1/25/2016 NC 0.11 10.0 580 0.77 <0.05 17.0 102 0.08 21.0 9.6 7.1 10.2 119 4728.9 0.4
2/17/2016 NC <0.10 12.0 210 0.89 <0.05 15.0 76 0.08 8.1 12.6 7.1 9.6 122 2491.9 0.6
3/16/2016 NC <0.10 8.4 190 0.46 <0.05 12.0 92 0.12 3.7 20.1 6.8 7.3 100 6258.0 0.4
4/5/2016 NC <0.10 10.0 310 0.6 <0.05 11.0 88 <0.02 17.0 16.3 6.9 8.5 110 1472.5 0.6
5/3/2016 NC <0.10 7.8 360 0.24 <0.05 10.0 86 <0.02 49.0 20.8 6.8 7.0 95 7192.5 0.4
7/26/2010 TC 0.16 250 0.08 27.0 26.2 7 95 62.3
8/9/2010 TC 0.13 210 0.08 36.0 26.8 5 5.0 81 25.5
8/23/2010 TC 0.17 980 0.09 37.0 27 7.1 4.4 98 45.3
9/8/2010 TC 0.10 280 0.09 17.0 24.1 7 5.5 82
9/20/2010 TC 0.10 320 0.15 80.0 23.7 7.1 4.6 100 110.4
10/4/2010 TC 0.10 260 0.08 15.0 14.8 7.7 7.3 78
10/18/2010 TC 0.10 240 0.11 97.0 16.1 7.7 6.9 72 28.3
11/1/2010 TC 0.10 410 <0.06 25.0 16.2 7.8 6.5 82 22.7
11/15/2010 TC 0.10 770 <0.06 10.0 12.7 7.5 8.6 73 181.2
11/29/2010 TC <0.04 72 <0.06 5.7 11.8 7.4 7.0 78 53.8
12/13/2010 TC 0.10 56 <0.06 5.8 6.6 8 9.1 76 22.7
12/28/2010 TC 0.10 980 <0.06 13.0 6.3 8.1 9.9 71 45.3
1/10/2011 TC 0.10 2000 <0.06 12.0 5.9 8.1 10.8 68 133.1
1/24/2011 TC 0.10 110 <0.06 4.2 7.2 7.8 10.4 82 34.0
2/7/2011 TC 0.10 130 <0.06 4.0 6.7 7.7 10.6 138 51.0
2/23/2011 TC 0.10 390 <0.06 7.4 15.9 8.1 7.2 94
3/7/2011 TC 8.2 8.9 81
3/21/2011 TC 0.10 130 0.08 29.0 11 8.1 5.8 86 0.0
4/4/2011 TC 0.14 140 0.08 14.0 19 8.2 6.7 87
4/18/2011 TC 0.28 9 0.14 18.0 19.9 7.7 4.6 118
5/2/2011 TC 0.35 33 0.14 46.0 17.4 7.8 5.0 86
5/16/2011 TC 0.22 120 0.10 24.0 19.9 8.2 4.8 80
5/31/2011 TC 0.16 46 0.09 22.0 16.9 7.9 1.7 104














Cl- *                             
(mg/L)
E. coli ** 
(CFU/100 mL)



















Q*                   
(L/s)
SD*                  
(m)
6/22/2011 TC
6/27/2011 TC 0.17 49 0.09 14.0 24.5 7.9 2.3 90 28.3
7/11/2011 TC 0.18 110 <0.06 78.0 28.3
7/25/2011 TC 0.27 44 0.11 23.0 26 7.9 1.6 127 22.7
8/8/2011 TC 0.23 43 0.11 33.0 26.7 8 1.7 118 17.0
8/22/2011 TC 0.22 20 0.09 74.0 27.7 7.7 1.8 172 5.7
9/6/2011 TC 0.76 250 0.13 18.0 27.4 7.6 2.3 212 22.7
9/20/2011 TC 0.28 1300 0.23 43.0 76.5
10/4/2011 TC 0.67 <1 0.08 52.0 19.6 8.5 3.7 141 0.0
10/18/2011 TC 0.14 >2400 0.14 49.0 14.9 7.9 5.8 85 104.8
11/1/2011 TC 0.36 210 <0.06 42.0 19.1 8.6 6.5 88 0.0
11/15/2011 TC 0.10 410 0.11 24.0 12 8 2.7 95
11/29/2011 TC 0.10 99 0.10 13.2 15.3 8.4 7.9 91
12/5/2011 TC
12/13/2011 TC 0.10 99 <0.06 33.2 8.6 7.6 8.9 128 0.0
12/22/2011 TC 320
12/28/2011 TC 0.10 0.08 18.9 8.5 8.7 10.4 275
1/9/2012 TC
1/10/2012 TC
1/23/2012 TC 0.10 520 0.06 88.8 6.9 8.6 8.2 170
1/26/2012 TC
2/6/2012 TC
2/8/2012 TC 0.10 330 <0.06 8.8 14.2 8 9.8 223
2/21/2012 TC
3/7/2012 TC 0.10 280 <0.06 11.9 10 8.7 8.1 191 0.0
3/9/2012 TC
3/12/2012 TC
3/19/2012 TC 0.10 440 <0.06 31.4 15.4 8.3 7.2 178
3/21/2012 TC
4/2/2012 TC 0.15 440 <0.06 22.0 20.6 7.9 6.8 199 566.3
4/23/2012 TC 0.14 1700 0.10 24.8 20.5 7.9 8.1 187 147.2
4/30/2012 TC 0.14 290 0.16 65.5 15.2 7.9 145














Cl- *                             
(mg/L)
E. coli ** 
(CFU/100 mL)



















Q*                   
(L/s)
SD*                  
(m)
10/22/2014 TC 0.05 7.6 120 0.86 <0.05 19.0 80 0.06 11.0 6.5 6.7 121 17.0 0.5
11/18/2014 TC 0.05 9.4 1000 9.2 88 0.05 24.0 19 5.7 10.8 92 25.5 0.4
12/16/2014 TC 0.05 7.8 110 0.44 <0.05 23.0 98 0.05 3.5 12.4 6.5 7.6 105 53.8 0.6
1/20/2015 TC <0.10 12.0 84 0.76 <0.05 51.0 110 0.03 3.5 8.2 6.5 10.9 194 127.4 0.9
2/10/2015 TC 0.17 11.0 580 0.7 <0.05 42.0 130 0.05 6.5 12 6.7 10.1 182 110.4 0.9
3/24/2015 TC <0.10 8.7 190 0.27 <0.05 43.0 140 0.07 11.0 16.6 6.8 8.7 173 679.6 0.4
4/20/2015 TC <0.10 6.2 1200 0.14 <0.05 27.0 140 0.12 25.0 17.3 6.7 7.7 130 2265.3 0.3
5/19/2015 TC <0.10 6.7 980 0.12 <0.05 29.0 140 0.09 28.0 21.2 6.6 7.2 138 3567.9 0.2
6/22/2015 TC <0.10 9.4 310 0.46 <0.05 34.0 140 0.03 8.1 25.5 6.8 7.0 170 223.7 0.5
7/14/2015 TC 0.15 7.1 200 1.1 <0.05 <5.0 90 0.07 5.7 26.5 6.9 5.8 96 25.5 0.4
8/6/2015 TC <0.10 7.5 140 1.1 <0.05 <5.0 76 0.07 28.0 26.9 6.9 5.5 98 14.2 0.5
8/27/2015 TC <0.10 6.8 290 1.1 <0.05 <5.0 80 <0.02 5.7 22.7 6.9 6.4 85 28.3 0.5
9/22/2015 TC 0.12 7.0 170 1 <0.05 <5.0 70 <0.02 29.0 23.1 6.7 4.9 82 11.3 0.4
10/20/2015 TC <0.10 8.1 250 1.3 <0.05 <5.0 78 0.08 15.0 15.2 6.8 5.8 94 0.0 0.3
11/23/2015 TC <0.10 11.0 200 0.77 31.0 120 <0.02 15.0 9.6 6.8 10.1 151 135.9 0.4
12/15/2015 TC <0.10 9.1 1700 0.51 <0.05 15.0 140 0.10 69.0 12.7 6.4 8.7 147 736.2 0.4
1/25/2016 TC <0.10 11.0 520 0.51 <0.05 44.0 130 0.03 3.7 10.7 6.9 10.3 168 368.1 0.7
2/17/2016 TC 0.12 9.3 210 0.8 <0.05 28.0 88 0.07 12.0 12.8 6.9 10.1 132 68.0 0.7
3/16/2016 TC <0.10 8.9 280 0.37 <0.05 33.0 120 <0.02 13.0 18.6 6.8 8.0 160 339.8 0.7
4/5/2016 TC <0.10 8.9 730 0.82 <0.05 24.0 98 <0.02 75.0 16.4 6.7 8.4 132 121.8 0.6
5/3/2016 TC <0.10 9.3 690 0.4 <0.05 38.0 220 0.10 12.0 18.3 6.8 8.0 164 339.8 0.5
7/26/2010 WC 0.10 40 0.10 7.0 26.6 6.9 3.0 122 0.0
8/9/2010 WC 0.20 81 0.10 9.2 26.8 6.7 2.0 121 0.0
8/23/2010 WC 0.10 43 0.10 8.4 27.2 6.9 2.3 121 0.0
9/8/2010 WC 1.20 84 0.12 38.0 23.5 6.9 0.5 169 2.8
9/20/2010 WC 0.60 130 0.08 113.0 23.1 6.8 0.6 157
10/4/2010 WC 1.00 91 0.10 11.0 15.5 7 1.1 153
10/18/2010 WC 1.40 >2400 0.08 15.0 14.9 7.4 1.7 167
11/1/2010 WC 0.10 40 0.17 4.6 14.9 7.5 4.6 128 5.7
11/15/2010 WC 0.10 550 0.09 13.0 12.2 7.8 6.0 111 107.6
11/29/2010 WC <0.04 120 0.08 15.0 12.1 7.1 4.0 122 36.8
12/13/2010 WC 0.10 310 0.08 7.2 6.8 7.8 7.2 111 14.2














Cl- *                             
(mg/L)
E. coli ** 
(CFU/100 mL)



















Q*                   
(L/s)
SD*                  
(m)
1/10/2011 WC 0.10 >2400 0.08 12.0 6 7.2 9.3 134
1/24/2011 WC 0.10 520 0.12 52.0 7.4 7.6 10.9 150 25.5
2/7/2011 WC 0.0
2/23/2011 WC 0.39 220 0.15 26.0 15.8 8 7.8 145 25.5
3/7/2011 WC 0.10 100 0.16 23.0 11.7 7.8 6.1 137 8.5
3/21/2011 WC 0.19 240 0.08 14.0 19.7 7.8 5.1 141 8.5
4/4/2011 WC 0.39 140 0.08 8.6 19.7 7.6 4.2 132 14.2
4/18/2011 WC 0.60 160 0.22 9.0 17.3 7.8 2.8 141 5.7
5/2/2011 WC 0.62 520 0.20 15.0 19.2 7.4 3.9 137 11.3
5/16/2011 WC 0.45 250 0.15 20.0 17.3 7.2 3.5 120 5.7
5/31/2011 WC 0.10 41 0.16 30.0 25 7.6 4.3 120
6/13/2011 WC 0.11 28 0.17 21.6 25.7 7.7 1.8 146 0.0
6/22/2011 WC
6/27/2011 WC 0.76 110 0.17 18.0 26 7.8 1.4 145 5.7
7/11/2011 WC 0.10 100 0.12 21.0 0.0
7/25/2011 WC 0.10 20 0.13 33.0 28.2 7.7 2.8 150 0.0
8/8/2011 WC 0.10 14 <0.06 43.0 29.1 7.6 2.8 258 0.0
8/22/2011 WC 0.10 30 0.13 16.0 28.6 7.9 2.6 169 0.0
9/6/2011 WC 0.10 8 0.18 32.0 22 8 3.1 168 0.0
9/20/2011 WC 0.10 99 0.10 19.0 0.0
10/4/2011 WC 0.10 7 0.10 19.0 17 8.4 4.0 163 0.0
10/18/2011 WC 0.10 30 0.09 11.0 18.1 7.9 3.7 165 0.0
11/1/2011 WC 0.10 7 0.08 14.0 12.5 8.2 3.6 173 0.0
11/15/2011 WC 0.40 12 0.09 7.8 14.3 7.7 1.1 147 0.0
11/29/2011 WC 0.10 99 0.08 40.3 8.8 8.1 5.4 191
12/5/2011 WC
12/13/2011 WC 2.37 62 0.25 47.2 7.4 7.7 5.8 270 0.0
12/22/2011 WC
12/28/2011 WC 0.12 270 0.15 26.7 6.8 8.5 9.4 202
1/9/2012 WC
1/10/2012 WC
















Cl- *                             
(mg/L)
E. coli ** 
(CFU/100 mL)



















Q*                   
(L/s)
SD*                  
(m)
2/6/2012 WC
2/8/2012 WC 0.16 400 0.08 21.8 10.1 7.8 8.6 169
2/21/2012 WC
3/7/2012 WC 0.20 110 0.12 11.8 15.6 8.3 5.3 197 0.0
3/9/2012 WC
3/12/2012 WC
3/19/2012 WC 0.21 120 0.24 32.6 20.5 8.2 5.3 167
3/21/2012 WC
4/2/2012 WC 0.18 290 0.15 105.0 21.1 8 5.5 169
4/23/2012 WC 0.14 240 0.15 20.4 15.8 8 7.2 188
4/30/2012 WC 0.14 650 0.18 18.0 21.8 7.9 159
5/14/2012 WC 0.10 650 0.11 62.8 19.3 8.1 4.1 150
10/22/2014 WC 0.22 9.8 110 0.27 <0.05 28.0 120 0.14 10.0 6.1 3.1 160 0.0 0.5
11/18/2014 WC <0.10 9.7 580 0.11 <0.05 16.0 110 0.06 6.3 5.6 8.5 120 8.5 0.6
12/16/2014 WC <0.10 11.0 1000 <0.05 <0.05 15.0 110 0.12 8.0 11.9 6.3 5.7 129 62.3 0.6
1/20/2015 WC 0.11 15.0 58 0.27 <0.05 59.0 160 0.07 6.9 7.8 6.4 10.2 214 121.8 0.5
2/10/2015 WC <0.10 14.0 140 0.2 <0.05 50.0 130 0.10 15.0 11.4 6.3 9.6 199 203.9 0.9
3/24/2015 WC <0.10 7.8 550 0.13 <0.05 29.0 130 0.10 18.0 17 6.5 7.5 130 552.2 0.3
4/20/2015 WC <0.10 6.2 180 0.1 <0.05 24.0 110 0.16 25.0 18.4 6.4 6.3 114 1500.8 0.3
5/19/2015 WC <0.10 7.4 >2400 0.1 <0.05 25.0 140 <0.02 28.0 21.3 6.2 5.5 120 6994.3 0.4
6/22/2015 WC 0.12 8.8 170 0.25 <0.05 27.0 130 0.05 13.0 25.4 6.5 6.0 140 141.6 0.4
7/14/2015 WC 0.17 7.6 260 0.26 <0.05 12.0 120 0.12 20.0 26.2 6.7 3.1 119 8.5 0.4
8/6/2015 WC <0.10 7.2 110 0.06 <0.05 7.0 98 0.19 9.0 26.1 6.8 3.5 116 0.0 0.4
8/27/2015 WC <0.10 6.7 64 0.11 <0.05 8.2 78 0.10 7.2 22.5 6.7 6.7 99 0.0 0.4
9/22/2015 WC 0.12 7.0 140 0.07 <0.05 9.3 90 0.12 9.5 22.3 6.7 2.6 107 0.0 0.6
10/20/2015 WC <0.10 7.9 110 0.06 <0.05 10.0 88 0.09 9.8 14.2 6.8 4.6 103 0.0 0.5
11/23/2015 WC <0.10 9.8 260 0.52 31.0 130 0.07 8.0 9.6 6.6 9.0 138 76.5 0.6
12/15/2015 WC <0.10 8.0 >2400 0.24 <0.05 29.0 140 <0.02 18.0 12.8 6.1 7.0 120 821.2 0.4
1/25/2016 WC <0.10 11.0 290 0.27 <0.05 39.0 120 0.04 6.2 9.6 6.9 10.1 153 623.0 0.6
2/17/2016 WC <0.10 12.0 310 0.26 <0.05 35.0 120 0.08 6.6 12.2 6.9 9.6 153 56.6 0.6








Table B3. Continued 
 
 
Table B4. Annual mass loading for E. coli, nutrients, and sediments of each subwatershed within the Attoyac 










*                             
(mg/L)
E. coli ** 
(CFU/100 mL)



















Q*                   
(L/s)
SD*                  
(m)
4/5/2016 WC <0.10 10.0 610 0.32 <0.05 22.0 120 <0.02 11.0 15.6 6.7 7.4 130 141.6 0.4
5/3/2016 WC <0.10 8.2 730 0.18 <0.05 27.0 130 0.14 23.0 19.1 6.5 6.8 129 877.8 0.4
*ammonia-N (NH3-N), chlordie (Cl
-
), nitrate-N (NO3-N), nitrite-N (NO2-N), sulfate (SO4
2-
), total dissolved solids (TDS), total phosphorus (TP), total suspended solids 
(TSS), water temperature (Temp), dissolved oxygen (DO), specific conductivity (SC), discharge (Q), and secchi depth (SD)
**Values below minimum detection limits were halved for calculations and statistical tests. Values above maximum detection limits were left as is with the greater than sign 
removed for calculations and statistical tests.
Subwatershed






E. coli ** 
(CFU/ha)













AB 33,697.20 0.03 4.69 9.79E+08 0.10 0.01 4.98 38.17 0.04 6.40
BIO 20,577.40 0.08 13.02 4.13E+09 1.69 0.03 13.01 117.67 0.08 37.33
NC 23,420.20 0.08 9.04 2.06E+09 0.34 0.02 7.22 76.84 0.06 16.18
TC 4,508.98 0.02 2.90 1.28E+09 0.22 0.01 5.52 32.34 0.01 2.99
WC 4,623.06 0.05 5.99 2.87E+09 0.18 0.01 11.68 63.02 0.06 14.53
*ammonia-N (NH3-N), chlordie (Cl
-), nitrate-N (NO3-N), nitrite-N (NO2-N), sulfate (SO4
2-), total dissolved solids (TDS), total phosphorus








Table B5. Total mass loading for E. coli, nutrients, and sediments of each subwatershed within the Attoyac Bayou 
Watershed in East Texas during the Attoyac Watershed Protection Plan Development Project (July 2010 through 











Cl- *                             
(kg/ha)
E. coli * 
(CFU/ha)













WPPD AB 0.01 6.31E+08 0.02 2.39
BIO 0.13 6.22E+09 0.07 25.72
NC 0.07 2.09E+09 0.09 8.91
TC 0.08 4.17E+09 0.04 14.90
WC 0.02 2.95E+08 0.01 1.54
OSSF AB 0.55 72.46 1.08E+11 1.35 0.27 137.64 1,306.46 1.90 302.60
BIO 0.58 55.36 1.29E+11 5.65 0.28 117.78 1,118.24 1.07 714.02
NC 0.63 94.00 1.09E+11 3.68 0.25 165.13 1,144.33 0.59 525.15
TC 0.28 40.36 4.85E+10 1.39 0.13 158.08 740.11 0.46 138.91
WC 0.37 57.39 1.15E+11 1.02 0.18 197.41 961.65 0.37 170.66
*ammonia-N (NH3-N), chlordie (Cl
-), nitrate-N (NO3-N), nitrite-N (NO2-N), sulfate (SO4
2-), total dissolved  solids (TDS), total phosphorus (TP),
 and total suspended solids (TSS)








Table B6. Mean total mass loading for E. coli, nutrients, and sediment for five subwatersheds within the Attoyac 











E. coli ** 
(CFU/ha)













Current AB 0.0021 0.3911 8.15E+07 0.0083 0.0005 0.4154 3.1806 0.0035 0.5334
BIO 0.0066 1.0849 3.44E+08 0.1406 0.0028 1.0844 9.8062 0.0069 3.1109
NC 0.0063 0.7531 1.71E+08 0.0285 0.0017 0.6014 6.4029 0.0049 1.3486
TC 0.0015 0.2413 1.06E+08 0.0181 0.0006 0.4597 2.6953 0.0008 0.2495
WC 0.0041 0.4992 2.40E+08 0.0152 0.0011 0.9736 5.2514 0.0048 1.2104
WPPD** AB 0.0003 1.62E+07 0.0005 0.0613
BIO 0.0030 1.41E+08 0.0016 0.5846
NC 0.0016 4.65E+07 0.0019 0.1981
TC 0.0026 1.39E+08 0.0012 0.4968
WC 0.0005 9.22E+06 0.0003 0.0482
OSSF** AB 0.0262 3.4505 5.15E+09 0.0642 0.0126 6.5543 62.2124 0.0905 14.4093
BIO 0.0277 2.6361 6.16E+09 0.2689 0.0133 5.6088 53.2497 0.0509 34.0008
NC 0.0299 4.4762 5.19E+09 0.1754 0.0120 7.8631 54.4921 0.0280 25.0071
TC 0.0133 1.9217 2.31E+09 0.0661 0.0062 7.5278 35.2435 0.0217 6.6149
WC 0.0177 2.8697 5.48E+09 0.0510 0.0090 9.8706 48.0823 0.0174 8.1267
*ammonia-N (NH3-N), chlordie (Cl
-), nitrate-N (NO3-N), sulfate (SO4
2-), total dissolved  solids (TDS), total phosphorus (TP), and
total suspended solids (TSS)








Table B7. Field Observation data for five sample locations within the Attoyac Bayou Watershed in East Texas 



























3/21/2017 AB 3 2 0.19 14 0.76 0 0 2
4/17/2017 AB 3 2 0.18 6 0.98 0 0 3 Trash, 3 skulls by stream, frogs present, 
and down woody debris in stream. 
5/8/2017 AB 3 2 0.14 5 0.76 0 0 1 Trash, 3 skulls, log jams under bridge, feces 
by stream , and FM 138 east of stream had 
highway surface repaved since last 
sampling event. 
6/14/2017 AB 2 2 0.17 9 0.76 0 0 3 Tree down upstream.
7/10/2017 AB 3 2 0.19 1 0.98 0 0 3 Woody debris upstream and under bridge.
8/21/2017 AB 2 2 0.21 19 0.73 0 0 2 Increased vegetation around stream, and 
log jams under bridge.
9/11/2017 AB 2 2 0.27 6 0.92 0 0 1 Log jam upstream.
10/17/2017 AB 2 2 0.43 28 0.72 0 0 1 Tree down upstream.
11/13/2017 AB 2 2 0.66 5 0.79 0 0 3 Tree down upstream, and dead skunk on 
bridge.
12/5/2017 AB 3 2 0.55 26 0.98 0 0 3 Log jam instream, flow taken upstream 
than normal, and lots of tadpoles present.
1/3/2018 AB 2 2 0.42 8 0.73 0 0 1
2/5/2018 AB 3 2 0.55 9 0.88 0 0 1
3/21/2017 BIO 3 2 0.08 14 0.85 0 0 1
4/17/2017 BIO 3 2 0.20 6 0.98 0 0 2 Hog (alive) near stream and trash.
5/8/2017 BIO 3 2 0.18 5 0.73 0 0 2 Tash and log jams downstream.
6/14/2017 BIO 3 2 0.19 9 0.92 0 0 2 Stream bank and sediment loosened under 
bridge (looks like it was a hog).
7/10/2017 BIO 3 2 0.11 1 1.04 0 0 2 Dead hog ~3,000 ft and dead rodent ~5,000 
ft south of the stream on FM 354. Stream 
banks still loosened.
8/21/2017 BIO 3 2 0.17 19 0.91 0 0 1 Dead cat ~50 ft south of bridge.
9/11/2017 BIO 5 3 0.25 6 1.52 0 0 1 Alligator footprints and too deep to wade.
10/17/2017 BIO 3 2 0.32 28 1.07 0 0 1



































12/5/2017 BIO 3 2 0.60 26 1.10 0 0 3 Dead animal smell and dead hog in stream 
near sample location.
1/3/2018 BIO 3 2 0.59 8 1.07 0 0 1
2/5/2018 BIO 3 2 0.34 9 1.098 0 0 1 Log obstruction under bridge upstream. 
Empty beer case by stream.
3/21/2017 NC 3 2 0.24 14 0.82 0 0 2
4/17/2017 NC 3 2 0.28 6 1.04 0 0 3 Dead squirrel north of the bridge.
5/8/2017 NC 3 2 0.21 5 0.88 0 0 1 Dead hog at end of Logan Sport Road and a 
few log jams downstream. 
6/14/2017 NC 2 2 0.20 9 0.82 0 0 3
7/10/2017 NC 2 2 0.33 1 0.67 0 0 3 Tree down upstream and downstream 
blocking channel. Lots of woody debirs 
downstream. Light rain during dishcarge 
measurement. 
8/21/2017 NC 2 2 0.35 19 0.67 0 0 1 Dead animal ~500 ft south of bridfe.
9/11/2017 NC 3 2 0.26 6 0.95 0 0 1
10/17/2017 NC 2 2 0.42 28 0.55 0 0 1
11/13/2017 NC 3 2 0.72 5 0.73 0 0 3
12/5/2017 NC 2 2 0.52 26 0.67 0 0 3
1/3/2018 NC 3 2 0.47 8 0.79 0 0 1
2/5/2018 NC 3 2 0.22 9 0.82 0 0 1 Beaver downstream.
3/21/2017 TC 3 2 0.19 14 0.56 0 0 1 Lots of woody debris in stream.
4/17/2017 TC 3 2 0.12 6 0.82 0 0 2 Trash and log jams upstream and 
downstream.
5/8/2017 TC 3 2 0.07 5 0.75 0 0 2
6/14/2017 TC 3 2 0.23 9 1.04 0 0 2
7/10/2017 TC 3 2 0.37 1 1.01 0 0 1 Lots of trash by bridge/road.
8/21/2017 TC 2 2 0.27 19 0.91 0 0 1
9/11/2017 TC 3 2 0.17 6 0.82 0 0 1 Upstream left of island blocked by logs and 
down tree.
10/17/2017 TC 3 2 0.22 28 0.79 0 0 1 Clog upstream (tree and leaves) and 
mowed banks/loosened soil.



































12/5/2017 TC 5 2 0.47 26 0.98 0 0 3 Flow taken a little downstream than 
normal (too deep to wade in normal spot).
1/3/2018 TC 5 2 0.41 8 1.01 0 0 1 Too deep to wade at spot where flow 
normally taken, so taken downstream. Thin 
layer of ice along side of stream.
2/5/2018 TC 5 2 0.26 9 0.91 0 0 1 Too deep to wade at spot where flow 
normally taken, so taken downstream.
3/31/2017 WC 5 3 0.50 14 1.22 0 0 2 Too deep to wade. 
4/17/2017 WC 3 2 0.18 6 0.91 0 0 2 Dead possum south of the bridge, and 
woody debris on stream bed. 
5/8/2017 WC 3 2 0.08 5 0.91 0 0 1 Woody debris on creek bed, mucky 
bottom, and trash.
6/14/2017 WC 3 2 0.26 9 0.98 0 0 3
7/10/2017 WC 3 2 0.05 1 0.98 0 0 3 Woody debris on bottom of stream bed.
8/21/2017 WC 2 2 0.08 19 0.79 0 0 1
9/11/2017 WC 3 2 0.09 6 0.88 0 0 1
10/17/2017 WC 3 2 0.23 28 0.91 0 0 1 Banks mowed/soil loosened. 
11/13/2017 WC 1 3 0.34 5 ~1.22 0 0 3 Banks mowed, too deep to wade, and no 
flow.
12/5/2017 WC 5 3 0.26 26 ~1.63 0 0 3 Too deep to wade. 
1/3/2018 WC 1 3 0.33 8 ~1.52 0 0 1 Thin layer of ice across majority of stream. 
Feces 10ft from stream. Water appeared 
stagnant. Too deep to wade.
2/5/2018 WC 1 3 0.38 9 ~1.22 0 0 1 Too deep too wade. Water appeared 
stagnant.
aFlow severity (1 - no flow, 2 - low,  3 - normal, 4 - flood, 5 - high, 6 - dry)
bFlow measurement method (1 - gage, 2 - electrical, 3 - mechanical, 4 - weir/flume, 5 - doppler)
cSignificant rainfall is equal to or greater than 0.2 inches
dEvidence of primary contact recreation (1 - observed, 0 - not observed)








Table B8. Percentage of samples exceeding water quality standards for five sample locations within the Attoyac 
Bayou Watershed in East Texas for the current and past project periods.   
 
 
Project Site NH3-N* NO3-N* NO2-N* TP* Temp* pH DO* SC* Q*
Current AB 0.00% 0.00% 0.00% 0.00% 0.00% 16.67% 8.33% 0.00% 0.00%
BIO 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
NC 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
TC 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 8.33%
WC 0.00% 0.00% 0.00% 0.00% 0.00% 16.67% 25.00% 0.00% 0.00%
Total 0.00% 0.00% 0.00% 0.00% 0.00% 6.67% 6.67% 0.00% 6.67%
WWPD** AB 6.67% 6.67% 0.00% 0.00% 34.15% 0.00% 43.59%
BIO 1.75% 1.75% 0.00% 25.00% 6.98% 0.00% 13.64%
NC 2.17% 0.00% 0.00% 0.00% 11.63% 0.00% 13.33%
TC 8.89% 6.67% 0.00% 11.36% 30.95% 0.00% 26.67%
WC 26.67% 0.00% 0.00% 0.00% 61.90% 0.00% 68.75%
Total 8.82% 2.94% 0.00% 7.37% 27.98% 0.00% 27.06%
OSSF** AB 0.00% 0.00% 0.00% 0.00% 0.00% 9.52% 4.76% 0.00% 0.00%
BIO 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
NC 0.00% 0.00% 0.00% 0.00% 0.00% 4.76% 0.00% 4.76% 0.00%
TC 0.00% 0.00% 0.00% 0.00% 0.00% 4.76% 4.76% 0.00% 19.05%
WC 0.00% 0.00% 0.00% 0.00% 0.00% 4.76% 23.81% 0.00% 23.81%
Total 0.00% 0.00% 0.00% 0.00% 0.00% 5.10% 6.67% 0.95% 8.57%
*ammonia-N (NH3-N), nitrate-N (NO3-N), nitrite-N (NO2-N), total phosphorus (TP), total phosphorus (TP),
 water temperature (Temp), dissolved oxygen (DO), specific conductivity (SC), and discharge (Q)
**Attoyac Bayou Watershed Protection Plan Development (WPPD) and Attoyac Bayou On-Site Sewage Facility 
Remediation Project (OSSF)








Table B9. Descriptive statistics for laboratory results and in-situ water quality parameters for the five sample 















E. coli ** 
(CFU/100 mL)



















Q*                     
(L/s)
SD                     
(m)
mean AB 0.08 17.75 345.70 0.26 0.025 17.88 141.67 0.16 17.82 17.96 6.41 6.99 193.29 282.97 0.33
BIO 0.06 9.71 263.62 1.25 0.025 9.45 87.17 0.06 26.96 17.81 6.87 8.95 108.72 898.41 0.28
NC 0.10 11.19 216.58 0.42 0.025 8.41 93.92 0.07 19.83 18.33 6.62 8.19 123.51 603.14 0.35
TC 0.07 8.95 262.96 0.81 0.025 12.97 95.08 0.04 9.05 17.86 6.73 7.88 110.94 41.84 0.25
WC 0.09 10.36 360.27 0.40 0.025 19.58 117.42 0.10 25.86 17.57 6.51 6.36 138.70 80.28 0.23
max* AB 0.22 32.00 820.00 0.50 <0.050 42.00 180.00 0.27 33.00 27.05 7.07 12.46 298.20 790.41 0.66
BIO 0.12 17.00 610.00 1.90 <0.050 14.00 100.00 0.12 64.00 25.17 7.20 13.59 122.30 1,379.21 0.60
NC 0.27 14.00 920.00 0.69 <0.050 14.00 120.00 0.14 47.00 26.87 7.04 13.11 141.60 963.26 0.72
TC 0.17 16.00 >2,400 1.10 <0.050 35.00 130.00 0.07 15.00 26.24 7.15 12.53 170.40 143.67 0.47
WC 0.17 15.00 1,400.00 1.10 <0.050 39.00 140.00 0.17 88.00 25.66 7.09 11.28 188.00 170.26 0.50
min* AB <0.10 10.00 203.00 0.06 <0.050 5.10 120.00 0.05 3.80 2.31 5.52 4.71 153.50 31.43 0.14
BIO <0.10 7.50 140.00 0.36 <0.050 6.80 67.00 <0.02 9.50 2.54 6.32 7.27 85.50 555.41 0.08
NC <0.10 8.30 93.00 0.18 <0.050 <5.00 77.00 0.02 7.30 2.59 6.07 6.36 105.10 225.26 0.20
TC <0.10 6.60 55.00 0.54 <0.050 <5.00 62.00 <0.02 5.60 2.44 6.04 5.88 77.00 4.82 0.07
WC <0.10 7.40 110.00 0.15 <0.050 7.70 95.00 <0.02 8.30 2.56 5.87 3.75 107.50 10.92 0.05
sd* AB 0.05 5.74 1.72 0.14 0.000 10.42 18.01 0.05 11.49 7.01 0.45 2.13 41.28 233.92 0.18
BIO 0.02 2.41 1.56 0.45 0.000 2.34 10.52 0.03 17.82 6.53 0.34 1.77 8.89 297.58 0.17
NC 0.09 1.53 1.85 0.15 0.000 3.45 13.12 0.04 11.90 6.97 0.36 1.92 12.08 222.36 0.16
TC 0.04 2.56 2.70 0.17 0.000 10.50 21.05 0.02 3.19 6.77 0.41 1.76 29.56 36.33 0.11
WC 0.05 2.29 2.08 0.25 0.000 11.23 18.10 0.05 21.61 6.57 0.44 2.16 27.15 54.47 0.14
*maximum (max), minimum (min), standard deviation (sd), ammonia-N (NH3-N), chlordie (Cl
-), nitrate-N (NO3-N), nitrite-N (NO2-N), sulfate (SO4
2-), total dissolved solids 
(TDS), total phosphorus (TP), total suspended solids (TSS), water temperature (Temp), dissolved oxygen (DO), specific conductivity (SC), discharge (Q), and secchi depth (SD)








Table B10. Descriptive statistics for laboratory results and in-situ water quality parameters for the five sample 
locations within the Attoyac Bayou Watershed in East Texas during the Attoyac Bayou Watershed Protection Plan 


















Q*                   
(L/s)
mean AB 0.16 236.73 49.41 0.27 17.42 7.62 6.22 172.16 100.92
BIO 0.12 430.15 38.22 0.10 16.81 7.75 7.96 131.11 430.89
NC 0.12 183.13 12.69 0.13 16.94 7.66 7.27 149.05 246.02
TC 0.17 173.69 30.56 0.08 16.99 6.61 6.28 117.55 63.34
WC 0.31 106.34 25.47 0.12 17.49 7.43 4.43 155.81 10.97
Overall 0.18 214.59 32.85 0.14 17.12 7.16 6.36 146.49 189.20
max* AB 0.71 >2400 390.00 0.81 28.00 8.50 12.50 263.00 1,245.94
BIO 0.68 >2400 454.00 0.93 29.40 9.20 11.30 213.00 2,491.88
NC 0.39 >2400 62.60 0.35 27.80 8.50 11.00 210.00 1,585.74
TC 0.76 >2400 97.00 0.23 27.70 8.70 10.80 275.00 566.34
WC 2.37 >2400 113.00 0.25 29.10 8.50 10.90 270.00 107.60
min* AB <0.04 10.00 <2.50 0.07 5.30 7.00 1.10 91.00 0.00
BIO <0.04 12.00 3.90 <0.06 5.20 7.20 3.40 96.00 0.00
NC <0.04 11.00 <2.50 <0.06 5.30 7.20 0.40 98.00 0.00
TC <0.04 <1.00 4.00 <0.06 5.90 5.00 1.60 68.00 0.00
WC <0.04 7.00 4.60 <0.06 6.00 6.70 0.50 111.00 0.00
sd* AB 0.14 3.69 68.27 0.18 7.00 0.35 2.84 43.85 208.20
BIO 0.08 3.16 67.45 0.13 7.07 0.60 1.99 26.60 555.22
NC 0.06 3.07 12.04 0.08 6.94 0.32 2.38 33.51 324.37
TC 0.14 4.27 23.52 0.05 6.78 0.60 2.75 49.28 105.75
WC 0.44 3.99 22.72 0.05 6.82 0.45 2.50 33.95 23.15
*maximum (max), minimum (min), standard deviation (sd), ammonia-N (NH3-N), total dissolved solids (TDS), total
phosphorus (TP), water temperature (Temp), dissolved oxygen (DO), specific conductivity (SC), and discharge (Q)
**Geometric mean and standard deviation were calculated for E. coli; arithmetic means and standard deviations 
were calculated for all other parameters.
***Values below minimum detection limits were halved for calculations and statistical tests. Values above maximum  








Table B11. Descriptive statistics for laboratory results and in-situ water quality parameters for the five sample 
locations within the Attoyac Bayou Watershed in East Texas during the On-site Sewage Facility Remediation 








*                             
(mg/L)
E. coli ** 
(CFU/100
mL)




















Q*                   
(L/s)
SD*                  
(m)
mean AB 0.05 8.90 281.34 0.15 0.025 12.88 111.14 0.14 20.04 16.60 6.08 7.31 111.95 6,815.33 0.38
BIO 0.05 8.16 325.60 1.08 0.025 10.52 89.24 0.07 30.22 17.35 6.70 8.89 101.52 4,308.61 0.52
NC 0.06 10.04 183.37 0.39 0.025 11.50 95.52 0.07 28.72 18.19 6.33 8.19 111.10 4,605.26 0.53
TC 0.07 8.70 330.62 0.68 0.025 23.94 113.14 0.05 19.22 17.29 6.55 8.03 134.00 440.93 0.51
WC 0.07 9.25 280.26 0.19 0.025 25.45 118.76 0.09 13.17 16.98 6.35 6.66 134.76 615.55 0.50
Overall 0.06 9.01 274.43 0.50 0.025 16.86 105.56 0.08 22.27 17.27 6.35 7.82 118.67 3,357.14 0.49
max* AB <0.10 18.00 >2400 0.43 <0.050 30.00 170.00 0.36 34.00 26.60 7.20 11.00 196.00 26,079.82 0.60
BIO 0.13 11.00 >2400 1.80 <0.050 17.00 120.00 0.50 270.00 26.50 7.30 12.00 122.00 37,972.89 0.80
NC 0.22 14.00 >2400 0.89 <0.050 39.00 130.00 0.23 110.00 26.80 7.50 11.40 154.00 24,579.02 1.00
TC 0.17 12.00 >2400 1.30 <0.050 51.00 220.00 0.12 75.00 26.90 6.90 10.90 194.00 3,567.92 0.90
WC 0.22 15.00 >2400 0.52 <0.050 59.00 160.00 0.19 28.00 26.20 6.90 10.20 214.00 6,994.26 0.90
min* AB <0.10 <5.00 77.00 <0.05 <0.050 <5.00 40.00 0.03 3.70 7.20 5.00 4.20 68.00 28.32 0.20
BIO <0.10 <5.00 100.00 0.10 <0.050 <5.00 64.00 <0.02 3.40 8.10 6.10 6.40 60.00 206.71 0.20
NC <0.10 7.40 47.00 0.08 <0.050 <5.00 68.00 <0.02 3.70 8.20 5.20 6.10 35.00 99.11 0.30
TC <0.10 6.20 84.00 0.12 <0.050 <5.00 70.00 <0.02 3.50 8.20 5.70 4.90 82.00 0.00 0.20
WC <0.10 6.20 58.00 <0.05 <0.050 7.00 78.00 <0.02 6.20 7.80 5.60 2.60 99.00 0.00 0.30
sd* AB 0.00 4.03 2.68 0.10 0.000 7.94 25.63 0.09 9.08 6.29 0.51 2.00 34.16 8,337.67 0.09
BIO 0.02 2.34 2.62 0.48 0.000 3.96 13.65 0.10 56.44 5.72 0.31 1.54 13.79 8,257.80 0.19
NC 0.04 1.84 3.21 0.23 0.000 8.39 16.42 0.07 29.45 6.02 0.47 1.58 24.34 5,774.23 0.19
TC 0.04 1.61 2.37 0.34 0.000 15.70 35.09 0.03 19.49 5.68 0.27 1.84 34.76 873.82 0.19
WC 0.05 2.33 2.88 0.12 0.000 13.50 19.16 0.05 6.71 5.91 0.32 2.35 28.81 1,516.65 0.14
*maximum (max), minimum (min), standard deviation (sd), ammonia-N (NH3-N), chlordie (Cl
-
), nitrate-N (NO3-N), nitrite-N (NO2-N), sulfate (SO4
2-
), total dissolved 
solids (TDS), total phosphorus (TP), total suspended solids (TSS), water temperature (Temp), dissolved oxygen (DO), specific conductivity (SC), discharge (Q), and 
secchi depth (SD)
**Geometric mean and standard deviation were calculated for E. coli; arithmetic means and standard deviations were calculated for all other parameters.
***Values below minimum detection limits were halved for calculations and statistical tests. Values above maximum detection limits were left as is with the greater than sign 








Table B12. Spearman correlation coefficients (r – top value) and probability values (second value) for 
concentration data for five sample locations within the Attoyac Bayou Watershed in East Texas. 
 
NH3-N* Cl
- * E. coli NO3-N* SO4




E. coli -0.63212 -0.02815
<.0001 0.8309
NO3-N* 0.16126 0.18018 -0.24399
0.2184 0.1683 0.0603
SO4
2- * 0.15861 -0.21988 0.32995 -0.05310
0.2261 0.0914 0.0100 0.6870
TDS* -0.52959 0.30411 0.36588 -0.08556 -0.00295
<.0001 0.0182 0.0040 0.5157 0.9822
TP* 0.30181 -0.24306 -0.24545 0.26847 -0.07507 -0.11345
0.0191 0.0613 0.0587 0.0381 0.5686 0.3881
TSS* -0.00589 0.22594 0.01524 0.75412 0.22627 0.16096 0.13888
0.9644 0.0826 0.9080 <.0001 0.0821 0.2192 0.2899
Temp* 0.06203 0.30492 -0.20640 0.14358 -0.06363 -0.08360 0.01119 0.06158
0.6378 0.0178 0.1136 0.2738 0.6291 0.5254 0.9324 0.6402
pH 0.04105 -0.44953 0.33711 -0.49858 0.22622 -0.15240 0.01285 -0.56059 -0.19923
0.7555 0.0003 0.0084 <.0001 0.0822 0.2451 0.9224 <.0001 0.1270
DO* -0.01893 0.04461 0.06804 0.67058 -0.05121 -0.29526 0.15007 0.44090 0.21128 -0.23195
0.8858 0.7350 0.6055 <.0001 0.6976 0.0220 0.2524 0.0004 0.1051 0.0745
SC* 0.29152 0.15375 -0.49944 0.76646 -0.16606 -0.32263 0.24994 0.50390 0.31821 -0.55614 0.57490
0.0238 0.2408 <.0001 <.0001 0.2048 0.0119 0.0541 <.0001 0.0132 <.0001 <.0001
Q* 0.13837 0.05633 -0.44410 0.40510 0.04497 -0.11054 0.14122 0.35888 0.18639 -0.43776 0.08140 0.47100
0.2917 0.6690 0.0004 0.0013 0.7330 0.4005 0.2818 0.0049 0.1539 0.0005 0.5364 0.0001
SD* 0.31600 -0.22231 -0.16373 0.13773 0.39322 -0.31910 0.10425 0.10934 -0.03314 -0.05375 0.17572 0.23318 0.40003
0.0139 0.0878 0.2113 0.2940 0.0019 0.0130 0.4280 0.4056 0.8015 0.6834 0.1793 0.0730 0.0015
*ammonia-N (NH3-N), chlordie (Cl
-), nitrate-N (NO3-N), sulfate (SO4
2-), total dissolved solids (TDS), total phosphorus (TP), total suspended solids (TSS)








Table B13. Approximate light compensation point of the current project as well as average seasonal secchi depth 
and average seasonal light compensation point of five sample locations within the Attoyac Bayou Watershed in 
East Texas. 
 
Secchi Approximate Average Seasonal Average Seasonal Average Seasonal
Depth LCP* Secchi Depth** LCP* LCP* Reduced
Season Date Site (m) (m) (m) (m) by 10%
Spring 3/21/2017 AB 0.19 0.38 0.34 0.68 0.61
4/17/2017 AB 0.18 0.36
5/8/2017 AB 0.14 0.28
Summer 6/14/2017 AB 0.17 0.33 0.38 0.75 0.68
7/10/2017 AB 0.19 0.38
8/21/2017 AB 0.21 0.42
Fall 9/11/2017 AB 0.27 0.54 0.34 0.68 0.61
10/17/2017 AB 0.43 0.86
11/13/2017 AB 0.66 1.32
Winter 12/5/2017 AB 0.55 1.10 0.45 0.90 0.81
1/3/2018 AB 0.42 0.84
2/5/2018 AB 0.55 1.10
Spring 3/21/2017 BIO 0.08 0.16 0.35 0.70 0.63
4/17/2017 BIO 0.20 0.40
5/8/2017 BIO 0.18 0.36
Summer 6/14/2017 BIO 0.19 0.38 0.48 0.95 0.86
7/10/2017 BIO 0.11 0.22
8/21/2017 BIO 0.17 0.34
Fall 9/11/2017 BIO 0.25 0.50 0.55 1.10 0.99
10/17/2017 BIO 0.32 0.64
11/13/2017 BIO 0.34 0.68
Winter 12/5/2017 BIO 0.60 1.20 0.70 1.40 1.26
1/3/2018 BIO 0.59 1.18








Table B13. Continued 
 
Secchi Approximate Average Seasonal Average Seasonal Average Seasonal
Depth LCP* Secchi Depth** LCP* LCP* Reduced
Season Date Site (m) (m) (m) (m) by 10%
Spring 3/21/2017 NC 0.24 0.48 0.42 0.84 0.76
4/17/2017 NC 0.28 0.56
5/8/2017 NC 0.21 0.42
Summer 6/14/2017 NC 0.20 0.40 0.45 0.90 0.81
7/10/2017 NC 0.32 0.64
8/21/2017 NC 0.35 0.70
Fall 9/11/2017 NC 0.26 0.52 0.56 1.12 1.01
10/17/2017 NC 0.42 0.84
11/13/2017 NC 0.72 1.44
Winter 12/5/2017 NC 0.52 1.04 0.67 1.33 1.20
1/3/2018 NC 0.47 0.94
2/5/2018 NC 0.22 0.44
Spring 3/21/2017 TC 0.19 0.38 0.40 0.80 0.72
4/17/2017 TC 0.12 0.24
5/8/2017 TC 0.07 0.14
Summer 6/14/2017 TC 0.23 0.45 0.48 0.95 0.86
7/10/2017 TC 0.34 0.68
8/21/2017 TC 0.27 0.54
Fall 9/11/2017 TC 0.17 0.34 0.40 0.80 0.72
10/17/2017 TC 0.22 0.44
11/13/2017 TC 0.24 0.48
Winter 12/5/2017 TC 0.47 0.94 0.70 1.40 1.26
1/3/2018 TC 0.41 0.82















Secchi Approximate Average Seasonal Average Seasonal Average Seasonal
Depth LCP* Secchi Depth** LCP* LCP* Reduced
Season Date Site (m) (m) (m) (m) by 10%
Spring 3/31/2017 WC 0.50 1.00 0.36 0.72 0.65
4/17/2017 WC 0.18 0.36
5/8/2017 WC 0.08 0.16
Summer 6/14/2017 WC 0.26 0.52 0.40 0.80 0.72
7/10/2017 WC 0.05 0.10
8/21/2017 WC 0.08 0.16
Fall 9/11/2017 WC 0.09 0.18 0.56 1.12 1.01
10/17/2017 WC 0.23 0.46
11/13/2017 WC 0.34 0.68
Winter 12/5/2017 WC 0.26 0.52 0.60 1.20 1.08
1/3/2018 WC 0.33 0.66
2/5/2018 WC 0.38 0.76
*Light Compensation Point (LCP)








Table B14. Descriptive statistics for laboratory results and in-situ water quality parameters per season for the five 










E. coli ** 
(CFU/100 mL)



















Q*                     
(L/s)
Winter AB 0.05 22.33 441.28 0.17 0.025 24.57 126.67 0.11 5.77 8.97 5.78 9.34 217.27 145.99
BIO 0.05 9.70 355.84 1.73 0.025 10.67 78.33 0.05 21.00 9.40 6.61 11.26 110.77 1,027.76
NC 0.12 12.33 397.37 0.53 0.025 9.37 80.67 0.05 8.13 9.34 6.26 10.60 123.10 544.59
TC 0.07 7.80 343.44 0.78 0.025 8.77 76.67 0.04 9.23 9.31 6.36 9.91 88.50 38.41
WC 0.08 11.90 335.61 0.33 0.025 22.93 102.67 0.12 29.33 9.13 6.13 8.73 142.80 142.78
Spring AB 0.05 19.33 295.88 0.31 0.025 22.33 150.00 0.14 30.00 19.36 6.33 6.96 196.40 414.75
BIO 0.05 9.37 193.81 1.37 0.025 9.43 84.67 0.05 33.33 19.51 6.66 8.41 112.60 755.31
NC 0.05 11.33 261.34 0.39 0.025 10.33 107.00 0.07 29.00 20.23 6.42 7.63 126.27 781.40
TC 0.05 9.37 623.92 0.68 0.025 25.00 140.00 0.03 13.00 19.73 6.45 7.61 141.20 72.92
WC 0.09 11.73 384.05 0.30 0.025 30.33 140.00 0.06 19.67 19.24 6.20 6.66 164.13 73.00
Summer AB 0.15 15.00 316.38 0.42 0.025 12.70 160.00 0.19 25.67 25.85 6.91 5.21 197.87 383.05
BIO 0.07 11.10 358.61 0.64 0.025 9.80 95.33 0.08 36.67 24.72 7.03 7.40 105.43 1,114.81
NC 0.17 10.43 165.54 0.49 0.025 8.53 97.67 0.09 27.00 25.82 6.96 6.43 126.50 503.87
TC 0.09 10.97 231.31 0.84 0.025 11.43 112.00 0.04 7.93 25.31 6.93 6.39 119.07 36.56
WC 0.12 8.77 396.20 0.63 0.025 12.90 122.00 0.08 12.43 24.80 6.78 4.64 126.63 48.15
Fall AB 0.06 13.44 299.51 0.67 0.025 13.14 106.14 0.11 21.27 17.65 6.42 6.45 161.63 188.09
BIO 0.05 8.67 195.29 1.27 0.025 7.90 90.33 0.07 16.83 17.62 6.74 8.74 106.07 695.76
NC 0.05 10.67 127.98 0.27 0.025 5.40 90.33 0.06 15.20 17.93 6.54 8.09 118.17 582.72
TC 0.05 7.67 96.46 0.92 0.025 6.67 88.33 0.04 6.03 17.07 6.57 7.60 95.00 19.47
WC 0.08 9.03 329.90 0.33 0.025 12.13 115.00 0.14 42.00 17.12 6.38 5.40 121.23 57.18
*maximum (max), minimum (min), standard deviation (sd), ammonia-N (NH3-N), chlordie (Cl
-), nitrate-N (NO3-N), nitrite-N (NO2-N), sulfate (SO4
2-), total dissolved solids 
(TDS), total phosphorus (TP), total suspended solids (TSS), water temperature (Temp), dissolved oxygen (DO), specific conductivity (SC), and discharge (Q)








Table B15. Descriptive statistics for laboratory results and in-situ water quality parameters per season for the five 
sample locations within the Attoyac Bayou Watershed in East Texas during the Attoyac Bayou Watershed 

















Q*                   
(L/s)
Winter AB 0.10 394.54 10.59 0.13 8.59 7.84 9.70 172.90 140.17
BIO 0.10 778.19 55.08 0.08 9.05 7.71 10.11 131.91 1082.84
NC 0.12 289.20 7.73 0.07 7.58 7.76 10.23 164.11 419.40
TC 0.10 283.28 19.61 0.04 8.68 7.98 9.47 127.82 47.67
WC 0.40 254.93 27.32 0.13 8.99 7.69 7.86 166.22 23.13
Overall 0.15 405.51 28.25 0.09 8.60 7.79 9.50 151.18 414.08
Spring AB 0.14 291.71 50.76 0.28 19.38 7.73 5.94 164.86 183.29
BIO 0.14 367.40 24.66 0.12 18.40 8.12 7.95 130.42 423.81
NC 0.13 167.32 13.96 0.15 18.75 7.76 6.78 167.23 328.04
TC 0.16 140.93 27.37 0.09 17.28 8.01 6.19 126.23 152.34
WC 0.26 204.76 28.48 0.15 18.77 7.71 4.78 150.62 7.69
Overall 0.16 227.63 29.47 0.16 18.55 7.84 6.29 148.40 253.79
Summer AB 0.24 79.18 92.44 0.45 26.68 7.39 2.70 165.88 54.43
BIO 0.13 187.40 59.93 0.18 27.06 7.51 5.19 150.63 51.91
NC 0.16 84.30 23.33 0.17 26.50 7.53 4.16 146.00 107.49
TC 0.19 96.32 40.00 0.09 26.10 5.89 2.70 116.13 28.00
WC 0.19 41.44 19.69 0.12 27.28 7.17 2.34 154.00 0.63
Overall 0.18 88.49 47.36 0.20 26.72 6.54 3.46 146.53 48.49
Fall AB 0.19 226.08 57.77 0.29 16.92 7.57 5.24 186.67 28.08
BIO 0.11 453.93 17.74 0.06 15.60 7.76 7.85 119.08 198.31
NC 0.10 259.61 8.68 0.14 15.78 7.67 7.55 120.62 155.52
TC 0.22 214.00 35.06 0.10 17.52 7.55 5.79 98.23 60.03
WC 0.39 60.45 25.19 0.10 16.07 7.33 3.03 154.92 15.29
Overall 0.20 202.68 28.47 0.14 16.37 7.55 5.90 135.11 98.10
*ammonia-N (NH3-N), total suspended solids (TSS), total phosphorus (TP), water temperature (Temp), dissolved oxygen
 (DO), specific conductivity (SC), and discharge (Q)
**Geometric were calculated for E. coli; arithmetic means were calculated for all other parameters.
***Values below minimum detection limits were halved for calculations and statistical tests. Values above maximum detection








Table B16. Descriptive statistics for laboratory results and in-situ water quality parameters per season for the five 
sample locations within the Attoyac Bayou Watershed in East Texas during the On-site Sewage Facility 





Cl- *                             
(mg/L)
E. coli ** 
(CFU/100 
mL)




















Q*                   
(L/s)
SD*           
(m)
Winter AB 0.05 12.58 404.37 0.16 0.03 21.12 121.67 0.09 16.45 10.85 6.09 9.22 144.67 5095.14 0.45
BIO 0.05 9.68 324.55 1.25 0.03 12.75 93.00 0.03 13.95 11.52 6.68 10.18 109.50 2392.77 0.70
NC 0.09 11.63 197.66 0.62 0.03 19.03 101.33 0.04 15.15 11.42 6.85 9.57 129.50 3530.17 0.67
TC 0.08 10.03 315.96 0.62 0.03 33.83 116.00 0.06 16.37 11.47 6.61 9.62 154.67 244.00 0.70
WC 0.06 11.42 347.21 0.21 0.03 37.83 130.00 0.07 10.12 10.95 6.39 8.70 161.33 314.79 0.60
Overall 0.06 10.72 326.57 0.68 0.03 22.72 112.40 0.05 14.41 11.16 6.44 9.62 133.63 2462.82 0.63
Spring AB 0.05 6.68 398.14 0.12 0.03 12.40 114.00 0.18 25.83 18.87 6.73 6.63 98.33 15201.43 0.35
BIO 0.05 5.55 591.69 0.67 0.03 11.70 91.67 0.13 73.33 18.58 6.68 7.95 88.83 10708.49 0.35
NC 0.05 8.73 447.02 0.38 0.03 13.33 104.33 0.05 45.28 19.37 6.81 7.38 111.33 9679.64 0.42
TC 0.05 8.12 562.02 0.35 0.03 32.33 143.00 0.07 27.33 18.07 6.73 8.00 149.50 1219.04 0.45
WC 0.05 8.13 511.87 0.18 0.03 26.50 125.00 0.09 20.50 18.43 6.44 6.75 126.67 1800.48 0.40
Overall 0.05 7.44 496.91 0.34 0.03 19.25 115.60 0.10 38.46 18.66 6.66 7.34 114.93 7721.82 0.39
Summer AB 0.05 8.03 101.55 0.26 0.03 8.45 111.00 0.19 18.00 25.50 6.86 5.78 105.75 3911.26 0.38
BIO 0.07 8.23 129.45 1.22 0.03 8.03 91.00 0.04 13.88 25.08 6.89 7.23 101.25 2123.76 0.48
NC 0.07 9.38 74.18 0.28 0.03 6.03 84.00 0.10 18.53 25.80 6.98 6.45 105.00 2709.92 0.45
TC 0.08 7.20 223.99 0.94 0.03 10.38 96.50 0.05 11.88 25.40 6.87 6.18 112.25 72.92 0.48
WC 0.10 7.58 132.82 0.17 0.03 13.55 106.50 0.11 12.30 25.05 6.66 4.83 118.50 37.52 0.40
Overall 0.07 8.08 123.74 0.57 0.03 9.29 98.77 0.10 14.92 25.37 6.80 6.09 108.55 1771.08 0.44
Fall AB 0.05 7.34 271.19 0.09 0.03 7.12 95.20 0.14 19.04 13.68 5.66 7.06 94.00 1139.47 0.34
BIO 0.07 9.42 333.85 1.27 0.03 8.42 80.40 0.05 11.08 16.27 6.64 9.78 107.40 675.64 0.56
NC 0.05 10.22 118.66 0.21 0.03 4.62 87.20 0.10 33.28 19.23 5.82 8.90 93.60 1322.40 0.56
TC 0.06 8.62 252.19 0.98 0.03 12.84 87.20 0.04 18.80 16.73 6.25 7.66 108.00 37.94 0.40
WC 0.10 8.84 191.19 0.21 0.03 18.86 107.60 0.10 8.72 15.37 6.11 5.56 125.60 16.99 0.56
Overall 0.07 8.89 220.22 0.54 0.03 10.37 90.67 0.09 18.18 15.99 5.98 7.79 105.72 638.49 0.48
*ammonia-N (NH3-N), chlordie (Cl
-), nitrate-N (NO3-N), nitrite-N (NO2-N), sulfate (SO4
2-), total dissolved solids (TDS), total phosphorus (TP), total suspended solids 
(TSS), water temperature (Temp),dissolved oxygen (DO), specific conductivity (SC), discharge (Q), and secchi depth (SD)
**Geometric mean were calculated for E. coli; arithmetic means  were calculated for all other parameters.
***Values below minimum detection limits were halved for calculations and statistical tests. Values above maximum detection limits were left as is with the greater than








Table B17. Seasonal mass loading for E. coli, nutrients, and sediments of each subwatershed per season within 










E. coli ** 
(CFU/ha)













AB Spring 0.0048 1.86 3.28E+08 0.0277 0.0024 2.23 14.58 0.0127 2.84
BIO 0.0143 2.68 5.36E+08 0.3912 0.0071 2.72 23.92 0.0132 8.56
NC 0.0130 2.96 7.01E+08 0.1027 0.0065 2.74 28.09 0.0180 7.14
TC 0.0063 1.28 8.95E+08 0.0829 0.0031 3.75 17.61 0.0027 1.57
WC 0.0115 1.58 4.52E+08 0.0356 0.0031 4.18 17.19 0.0095 2.31
AB Summer 0.0169 1.42 2.60E+08 0.0410 0.0022 1.18 13.83 0.0171 2.65
BIO 0.0321 4.24 1.71E+09 0.2901 0.0105 3.89 40.03 0.0333 16.66
NC 0.0301 1.81 2.71E+08 0.0819 0.0042 1.45 16.73 0.0160 4.29
TC 0.0062 0.83 1.26E+08 0.0488 0.0016 0.88 6.97 0.0023 0.56
WC 0.0100 0.72 3.01E+08 0.0376 0.0020 1.26 9.40 0.0043 1.10
AB Fall 0.0022 0.61 2.65E+08 0.0241 0.0011 0.63 5.47 0.0096 0.70
BIO 0.0131 2.31 5.21E+08 0.3401 0.0066 2.02 23.93 0.0165 4.15
NC 0.0097 1.98 3.29E+08 0.0549 0.0048 1.18 17.54 0.0165 3.29
TC 0.0017 0.26 4.40E+07 0.0314 0.0008 0.25 2.98 0.0013 0.20
WC 0.0075 0.92 6.85E+08 0.0288 0.0024 1.15 11.69 0.0137 3.68
AB Winter 0.0017 0.81 1.25E+08 0.0067 0.0008 0.95 4.29 0.0029 0.21
BIO 0.0194 3.79 1.36E+09 0.6661 0.0097 4.38 29.80 0.0204 7.97
NC 0.0223 2.28 7.56E+08 0.1030 0.0045 1.84 14.47 0.0089 1.47
TC 0.0044 0.53 2.11E+08 0.0537 0.0017 0.64 4.79 0.0027 0.67
WC 0.0206 2.77 1.44E+09 0.0805 0.0060 5.09 24.74 0.0300 7.43
*ammonia-N (NH3-N), chlordie (Cl
-), nitrate-N (NO3-N), nitrite-N (NO2-N), sulfate (SO4
2-), total dissolved solids (TDS), total phosphorus








Table B18. Seasonal mass loading for E. coli, nutrients, and sediments of each subwatershed per season within 
the Attoyac Bayou Watershed in East Texas during the Attoyac Bayou Watershed Protection Plan Development 











AB Winter 0.004 3.44E+08 0.34 0.005
BIO 0.064 3.93E+09 14.92 0.019
NC 0.021 8.93E+08 2.02 0.017
TC 0.008 8.64E+08 0.71 0.002
WC 0.006 7.18E+07 0.67 0.003
AB Spring 0.003 1.15E+08 1.12 0.007
BIO 0.042 1.00E+09 6.58 0.040
NC 0.032 6.02E+08 4.42 0.038
TC 0.029 1.35E+09 4.58 0.010
WC 0.005 3.42E+07 0.20 0.002
AB Summer 0.002 6.34E+07 0.73 0.005
BIO 0.003 9.50E+07 0.44 0.003
NC 0.005 7.72E+07 1.11 0.009
TC 0.012 1.95E+08 2.42 0.006
WC 0.001 1.63E+06 0.03 0.000
AB Fall 0.001 6.71E+07 0.22 0.002
BIO 0.013 7.70E+08 2.06 0.006
NC 0.009 3.79E+08 0.76 0.015
TC 0.024 1.48E+09 6.20 0.017
WC 0.004 1.68E+08 0.55 0.004
*ammonia-N (NH3-N),  total dissolved  solids (TDS), total phosphorus (TP),








Table B19. Seasonal mass loading for E. coli, nutrients, and sediments of each subwatershed per season within 
the Attoyac Bayou Watershed in East Texas during the On-site Sewage Facility Remediation Project (October 







Cl- *                             
(kg/ha)
E. coli * 
(CFU/ha)













AB Winter 0.12 20.91 4.10E+10 0.38 0.06 37.99 322.83 0.16 58.20
BIO 0.09 16.03 2.00E+10 1.77 0.05 25.05 184.00 0.04 41.65
NC 0.20 24.68 2.80E+10 1.25 0.06 61.12 243.36 0.09 55.92
TC 0.05 8.36 8.84E+09 0.47 0.02 23.87 109.54 0.06 31.23
WC 0.06 10.74 1.27E+10 0.26 0.03 38.35 139.81 0.04 13.13
AB Spring 0.35 40.53 6.38E+10 0.73 0.18 79.91 798.03 1.48 191.42
BIO 0.40 27.95 1.06E+11 2.44 0.20 77.28 790.63 0.95 642.14
NC 0.32 53.44 7.84E+10 1.94 0.16 88.51 738.64 0.27 395.65
TC 0.21 29.39 3.89E+10 0.74 0.11 126.99 597.43 0.39 104.42
WC 0.30 45.28 1.02E+11 0.72 0.15 155.45 804.85 0.32 156.03
AB Summer 0.06 7.84 1.78E+09 0.16 0.03 14.27 144.28 0.24 38.82
BIO 0.06 7.43 1.71E+09 0.87 0.03 11.22 109.44 0.06 25.56
NC 0.07 9.24 8.82E+08 0.24 0.03 10.34 97.41 0.18 49.16
TC 0.01 1.47 4.87E+08 0.10 0.00 4.47 21.24 0.01 1.45
WC 0.01 0.73 1.47E+08 0.02 0.00 2.20 10.89 0.00 1.13
AB Fall 0.02 2.90 1.54E+09 0.08 0.00 5.47 41.32 0.03 14.16
BIO 0.03 3.95 1.69E+09 0.57 0.00 4.23 34.17 0.01 4.67
NC 0.04 6.65 1.68E+09 0.25 0.00 5.15 64.93 0.05 24.42
TC 0.01 1.12 3.26E+08 0.08 0.00 2.76 11.90 0.00 1.82
WC 0.00 0.47 1.39E+08 0.02 0.00 1.41 6.10 0.00 0.37
*ammonia-N (NH3-N), chlordie (Cl
-), nitrate-N (NO3-N), nitrite-N (NO2-N), sulfate (SO4
2-), total dissolved  solids (TDS), total phosphorus








Table B20. Regression coefficients (a and b) and coefficients of determination (r2) for concentration data versus 
stream discharge for five sample locations combined within the Attoyac Bayou Watershed in East Texas. 
 
Parameter a b r2 a b r2 a b r2
Ammonia-N
Chloride 2.07036 0.06114 0.0783
E. coli 
Nitrate-N 0.48951 0.00042 0.1299
Sulfate
Total Dissolved Solids 4.70136 -0.00016 0.0689
Total Phoshphorus
Total Suspended Soilds 1.72342 0.20465 0.2088
Water Temperautre
pH
Dissolved Oxygen 1.62468 0.07304 0.1626
Specific Conductivity
Secchi Depth
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge








Table B21. Regression coefficients (a and b) and coefficients of determination (r2) for concentration data versus 
stream discharge for Attoyac Bayou within the Attoyac Bayou Watershed in East Texas. 
 













Secchi Depth 0.52023 -0.33527 0.3575
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge








Table B22. Regression coefficients (a and b) and coefficients of determination (r2) for concentration data versus 
stream discharge for Terrapin Creek within the Attoyac Bayou Watershed in East Texas 
 
Parameter a b r2 a b r2 a b r2
Ammonia-N
Chloride 1.50397 0.19131 0.4355
E. coli 
Nitrate-N
Sulfate 4.07181 0.21259 0.5408
Total Dissolved Solids
Total Phoshphorus




Specific Conductivity 86.70741 0.57921 0.5066
Secchi Depth
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge








Table B23. Regression coefficients (a and b) and coefficients of determination (r2) for concentration data versus 
stream discharge Waffelow Creek within the Attoyac Bayou Watershed in East Texas 
 









Water Temperautre 23.67178 -0.07599 0.3963
pH
Dissolved Oxygen 1.48408 0.00397 0.4822
Specific Conductivity
Secchi Depth 0.07820 0.00191 0.5453
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge








Table B24. Regression coefficients (a and b) and coefficients of determination (r2) for mass loading data versus 
stream discharge for five sample locations combined within the Attoyac Bayou Watershed in East Texas. 
 
 
Parameter a b r2 a b r2 a b r2
Ammonia-N -9.02652 0.57614 0.5151
Chloride -4.23909 0.63772 0.7448
E. coli 15.55513 0.55648 0.4278
Nitrate-N -0.00214 -0.00214 0.5689
Sulfate -4.08083 0.60829 0.4505
Total Dissolved Solids -1.50005 0.54690 0.6477
Total Phoshphorus -9.37546 0.63523 0.5509
Total Suspended Soilds -4.58603 0.78124 0.6076
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate ((kg/ha) for all except E. coli  (CFU/ha)); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge








Table B25. Regression coefficients (a and b) and coefficients of determination (r2) for mass loading data versus 
stream discharge for Attoyac Bayou within the Attoyac Bayou Watershed in East Texas. 
 
Parameter a b r2 a b r2 a b r2
Ammonia-N -13.15147 1.17996 0.8532
Chloride -7.30322 1.11905 0.9191
E. coli 12.53654 0.98285 0.7585
Nitrate-N -12.42542 1.32154 0.7956
Sulfate -8.48553 1.32336 0.8482
Total Dissolved Solids -0.21843 0.01201 0.9852
Total Phoshphorus -11.36591 0.99161 0.8375
Total Suspended Soilds -0.19759 0.00258 0.9290
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate ((kg/ha) for all except E. coli  (CFU/ha)); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge








Table B26. Regression coefficients (a and b) and coefficients of determination (r2) for mass loading data versus 
stream discharge for Big Iron Ore Creek within the Attoyac Bayou Watershed in East Texas. 
 
 
Parameter a b r2 a b r2 a b r2
Ammonia-N -13.84505 1.28773 0.7586
Chloride -6.22683 0.92578 0.6891
E. coli 18.10880 0.00151 0.5347
Nitrate-N 0.02185 0.00013 0.3501
Sulfate -1.09795 0.00121 0.7038
Total Dissolved Solids -4.11333 0.93996 0.8568
Total Phoshphorus -0.00298 0.00001 0.4005
Total Suspended Soilds
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate ((kg/ha) for all except E. coli  (CFU/ha)); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge








Table B27. Regression coefficients (a and b) and coefficients of determination (r2) for mass loading data versus 
stream discharge for Naconiche Creek within the Attoyac Bayou Watershed in East Texas. 
 
 
Parameter a b r2 a b r2 a b r2
Ammonia-N
Chloride -7.07018 1.05809 0.9128
E. coli 10.86363 1.24071 0.4242
Nitrate-N -11.11329 1.17057 0.6462
Sulfate -0.26445 0.00144 0.6892
Total Dissolved Solids 0.48157 0.00211 0.9342
Total Phoshphorus -16.50336 1.71788 0.6324
Total Suspended Soilds -1.32499 0.00227 0.4234
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate ((kg/ha) for all except E. coli  (CFU/ha)); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge








Table B28. Regression coefficients (a and b) and coefficients of determination (r2) for mass loading data versus 
stream discharge for Terrapin Creek within the Attoyac Bayou Watershed in East Texas. 
 
 
Parameter a b r2 a b r2 a b r2
Ammonia-N -10.40764 1.03648 0.8144
Chloride -5.95742 1.19131 0.9677
E. coli 13.63804 1.17179 0.4990
Nitrate-N 0.00311 0.00036 0.9445
Sulfate 0.39130 0.02041 0.8738
Total Dissolved Solids -0.62565 0.08937 0.9281
Total Phoshphorus -10.16322 0.78146 0.5453
Total Suspended Soilds -0.05456 0.00727 0.9631
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate ((kg/ha) for all except E. coli  (CFU/ha)); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge








Table B29. Regression coefficients (a and b) and coefficients of determination (r2) for mass loading data versus 
stream discharge for Waffelow Creek within the Attoyac Bayou Watershed in East Texas. 
 
 
Parameter a b r2 a b r2 a b r2
Ammonia-N -10.12461 1.02914 0.7636
Chloride -5.69944 1.12956 0.9709
E. coli 13.64019 1.21474 0.7051
Nitrate-N 0.0028 0.0002 0.7350
Sulfate -5.78885 1.27314 0.8127
Total Dissolved Solids -2.81361 1.02004 0.9724
Total Phoshphorus -0.0011 0.0001 0.7984
Total Suspended Soilds -5.09349 1.16102 0.7601
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate ((kg/ha) for all except E. coli  (CFU/ha)); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = stream discharge








Table B30. Regression coefficients (a and b) and coefficients of determination (r2) for concentration data versus 
total suspended solids for five sample locations combined within the Attoyac Bayou Watershed in East Texas. 
 












Discharge  2.33863 1.02014 0.2088
Secchi Depth 0.35359 -0.00323 0.1016
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids








Table B31. Regression coefficients (a and b) and coefficients of determination (r2) for concentration data versus 
total suspended solids Attoyac Bayou within the Attoyac Bayou Watershed in East Texas. 
 








Water Temperautre 9.88936 0.42464 0.4134
pH -12.37869 -0.86460 0.3555
Dissolved Oxygen
Specific Conductivity
Discharge  4.06135 0.06410 0.4806
Secchi Depth -0.41133 -0.04413 0.7245
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids








Table B32. Regression coefficients (a and b) and coefficients of determination (r2) for concentration data versus 
total suspended solids for Big Iron Ore Creek within the Attoyac Bayou Watershed in East Texas. 
 














Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids








Table B33. Regression coefficients (a and b) and coefficients of determination (r2) for concentration data versus 
total suspended solids for Naconiche Creek within the Attoyac Bayou Watershed in East Texas. 
 







Total Phoshphorus 0.73741 0.72343 0.4571
Water Temperautre 11.32259 0.35327 0.3641
pH




Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids








Table B34. Regression coefficients (a and b) and coefficients of determination (r2) for concentration data versus 
total suspended solids for Terrapin Creek within the Attoyac Bayou Watershed in East Texas. 
 
Parameter a b r2 a b r2 a b r2
Ammonia-N
Chloride
E. coli -637.32820 119.34566 0.3619








Discharge  0.31682 1.45401 0.3645
Secchi Depth
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids








Table B35. Regression coefficients (a and b) and coefficients of determination (r2) for mass loading data versus 




Parameter a b r2 a b r2 a b r2
Ammonia-N -5.67743 0.67652 0.7135
Chloride -0.58670 0.64777 0.7719
E. coli 18.79091 0.65522 0.5957
Nitrate-N -3.57751 0.75841 0.6154
Sulfate -0.52912 0.74331 0.6757
Total Dissolved Solids 1.67099 0.62724 0.8559
Total Phoshphorus -5.71376 0.68887 0.6508
Discharge   5.59848 0.77771 0.6076
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate ((kg/ha) for all except E. coli  (CFU/ha)); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids








Table B36. Regression coefficients (a and b) and coefficients of determination (r2) for mass loading data versus 
total suspended solids Attoyac Bayou within the Attoyac Bayou Watershed in East Texas. 
 
 
Parameter a b r2 a b r2 a b r2
Ammonia-N -5.86171 0.73432 0.8197
Chloride 0.14614 0.45932 0.8118
E. coli 18.50225 0.53803 0.5638
Nitrate-N -4.21427 0.85475 0.8257
Sulfate -0.46422 0.71664 0.6171
Total Dissolved Solids 0.84483 4.37939 0.9405
Total Phoshphorus -5.21988 0.63087 0.8410
Discharge   91.14934 359.64196 0.9290
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate ((kg/ha) for all except E. coli  (CFU/ha)); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids








Table B37. Regression coefficients (a and b) and coefficients of determination (r2) for mass loading data versus 
total suspended solids Big Iron Ore Creek within the Attoyac Bayou Watershed in East Texas. 
 
 
Parameter a b r2 a b r2 a b r2
Ammonia-N
Chloride
E. coli 98521084 78896437 0.6960
Nitrate-N
Sulfate
Total Dissolved Solids 7.14434 0.85564 0.4945
Total Phoshphorus 0.00191 0.00162 0.7123
Discharge   
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate ((kg/ha) for all except E. coli  (CFU/ha)); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids








Table B38. Regression coefficients (a and b) and coefficients of determination (r2) for mass loading data versus 
total suspended solids Naconiche Creek within the Attoyac Bayou Watershed in East Texas. 
 
 





Sulfate -0.76964 0.18968 0.3355
Total Dissolved Solids 1.73386 0.44397 0.5043
Total Phoshphorus -5.66970 0.85913 0.5391
Discharge   6.31327 0.34814 0.4131
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate ((kg/ha) for all except E. coli  (CFU/ha)); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids








Table B39. Regression coefficients (a and b) and coefficients of determination (r2) for mass loading data versus 
total suspended solids Terrapin Creek within the Attoyac Bayou Watershed in East Texas. 
 
 
Parameter a b r2 a b r2 a b r2
Ammonia-N -5.49047 0.72133 0.6602
Chloride -0.18683 0.89246 0.9089
E. coli 19.55412 1.00577 0.6152
Nitrate-N 0.00644 0.04660 0.8805
Sulfate -0.21180 2.69181 0.8332
Total Dissolved Solids 0.06812 10.53108 0.8957
Total Phoshphorus -6.28753 0.63358 0.5999
Discharge   8.77416 132.54578 0.9631
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate ((kg/ha) for all except E. coli  (CFU/ha)); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids








Table B40. Regression coefficients (a and b) and coefficients of determination (r2) for mass loading data versus 
total suspended solids Waffelow Creek within the Attoyac Bayou Watershed in East Texas. 
 
 
Parameter a b r2 a b r2 a b r2
Ammonia-N 0.00120 0.00243 0.6416
Chloride -0.82771 0.72983 0.7188
E. coli 18.84536 0.68633 0.3991
Nitrate-N 0.00683 0.00692 0.7756
Sulfate -0.27834 0.87925 0.6874
Total Dissolved Solids 1.58868 0.66754 0.7385
Total Phoshphorus 0.00129 0.00289 0.6545
Discharge   4.31590 0.65470 0.7601
Only significant (α=0.05) predicition equations given
y = a + bx Simple Linear Regression where:
y = parameter estimate ((kg/ha) for all except E. coli  (CFU/ha)); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
y = (ae(bx)) - 1 Exponential Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
e = 2.17828 (natural logarithm)
y = (axb) - 1 Power Regression where:
y = parameter estimate (mg/L); a = intercept parameter estimate;
b= slope parameter estimate; x = total suspended solids
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